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RESOLUTION OF STATISTICAL DISTRIBUTIONS 
DEVIATING FROM THE NORMAL INTO TO 
NORMAL DISTRIBUTIONS—I. SYMMETRICAL 

DISTRIBUTION * 


V. Yu. URBAKH 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 14 May 1960) 


IN many cases deviation of a statistical distribution from the normal is the result of 
jun. mogenaity of the series and constitutes a mixture (superposing) of several sub 
series, within each of which the distribution is normal. The following two problems 
arise in this respect: 

(1) finding a means of knowing whether the given anomalous series is homogenous, 
i.e. “organically” anomalous, or a mixture of normal sub-series (“normals”); 

(2) if it is discovered that the given series is inhomogenous, finding a means of 
resolving it into the components of the sub-series (normals), i.e. determining the para- 
meters of these components. 

Since each ith normal is characterized by three parameters (the size n,, the mean 
value x, and the mean square or standard deviation o,) then in the case in which the 
sanomalous series consists of z normals, the problem has 3z unknowns; to solve this 
problem a set of 3z equations is necessary. It is most convenient to use the equations 


for the first moments: 


nm, Yi nm,,,  k 9 by ove (1) 
1 


(where subscript k, is the order of the moment and subscript 7, the number of the 
normal). 

For z > 2 the system (1) contains an excessively large numer of unknowns which 
make the problem practically insoluble. Therefore, hitherto in the literature only the 
case z = 2 has been considered, i.e. resolution of an anomalous series into two normals 
(supposing that in the inhomogenous series there are present besides these two normals 
others, the admixture of which is low and which can therefore be disregarded for a given 
accuracy). In this case, the problem is one of finding at the most six unknowns from 
a set of six equations; it is naturally desirable to take the equations first in order of 
magnitude as this leads to simpler calculations. 


* Biofizika 6: 1, 3-8, 1961. 
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If we introduce the notations: 


this set of equations can be written in the form 
y+», = 1, 


VQ, + Voy 


7 
v,(304 


v, (1 Sofa, + 100703 +-a?) + r,(1 Sofa, + 100303 +-a8) = r;, 


v,(150§+-45o4a? + 1 So?at + a8) + 1,(1508+ 450403 + 1503a$+-a$) = rg, (3.6) 


> 


here the known relations between the first and central moments are used and also 
the fact that for a normal distribution: 


ae ™ ems, te 35. (4) 


After finding the unknown parameters, it is possible to test the validity of the as- 
sumption that a given series can with sufficient accuracy be regarded as a mixture 
of two normals, i.e. such a model is a sufficiently good approximation. 





FIG. 


For this purpose the set of solutions obtained is substituted into one of the three 
equations of system (1) not used to find the solution. If this equation is satisfied, this 
means that system (1) is common for the given series and this indicates the soundness 
of the initial premise as it is unlikely that system (1) is the general case. 

The problem of resolving anomalous distributions into two normals was first 
posed and solved in the general form by Pearson [1]. However, Pearson’s technique 
is ill-suited for practical application: it suffices to say that it includes finding the roots 
of a ninth degree equation and soluticn of a further two quadratic equations not to 
mention numerous intermediate operations. A certain simplification was introduced 
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by Charlier [2] by reducing the problem to the common solution of a set of two cubic 
equations (which can also be done merely by selection of the roots). Finally, Burrau 
and Stromgren [3] proposed a nomographic method based on the use of so-called 
semi-invariants; however, this method is very cumbersome and laborious. 

Therefore, it is of interest to obtain a solution for particular cases in which the 
calculations are greatly simplified and become quite practicable. In particular, it is 
comparatively easy to solve the problem in those cases in which the anomalous distri- 
bution for analysis is symmetrical. The formation of a symmetrical anomalous distri- 
bution from two normals is made clear by the figure in which the heavy continuous 
line represents the total distribution, the dotted line the normal distribution with n, 
x and o the same as for the total distribution and the thin continuous lines depict the 
components of the normal. For identical n, and o, but different x, (Fig. 1 (a) the 
excess is negative (excess of steepness of a distribution is the term used to describe 
the value = r,—3, where r, = w,/o*—principal moment of the fourth order). For 
the same x,, but different o,, the excess is positive (Fig.l (b)). 

These two cases have already been considered in the papers of Pearson and Charlier. 
If the notations introduced earlier are applied, the results can be written im the fol- 
lowing form: 

I. For the case §&< 0 


Vv V. 
1 2 
5 


II. For the case & 


(26 —g,)" 4(g,—1) (2,—83) 
2 (g,—1) 


&6 rg 15), 





However, in practice symmetry of distribution is never perfect and although the 
old moments of the distribution are very small they are not equal to zero. Therefore, 
corresponding corrections must be applied to the results reported. 

When the asymmetry is small the corrections will also be small so that in computing 
them their squares and higher powers may be discarded. This leads to a set of linear 
equations for computing the corrections; solution of these equations is not difficult. 
This set is obtained by varying the expressions from system (3) bearing in mind that 
the variations of the righthand members are equal to zero for those equations used to 
compute the parameters. 

For the case § < 0 we have 

3 (r;—10rs)+-20Ar, 


dy, = —dr, = , 


16a® 


rs T 4a°dy, 


60a 


da, = 0a, 2a07,, 00, -00. = 
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As is known, for all curves of the Pearson type (a particular case of which is the 
normal curve) a recurrent correlation applies ([4], p. 138); 


n 
9 - ,» 
2) 5 [(2 O)T, 17 ral nl, 
Z)¢ 
2r,—3r3—6 
r.t+3 
Considering that r, = 3+-&, we obtain: 


re = 10rs (1 


\ 


so that instead of (7) we may write: 


Ov; -OV, “ (5—9a?). 


4a3 


Ig 
2adr, , 00; O02 : | l 
OO 


where a and o are the uncorrected values of the parameters. 
It is understandable that the corrections computed from (8) may be considered 


effective only if they are small as compared with the main values since in deriving 


formulae (8) the squares and higher powers of these corrections have been discarded. 
For example, da may be considered a correction if da <0-la. This means that moment 
rz must be sufficiently small. But it is known that the empirical moments themselves 
calculated from the given distribution have a certain dispersion; approximating, we 
have ({4], p. 128): 


= 
6120 (9) 


Consequently, for a sufficiently small moment r, to differ significantly from zero, 


a, must be still smaller and this means that the size of the series must be sufficiently 


large (in practice not less than 10,000). 
In the case & >0, the corrections have the form 
Ov, OV. Q, 00; 00> 
Ot Cy 
3 (1—o3) 
For a, and a, to be effectively considered as corrections, the conditions 
a < 02 


must be satisfied. 





Resolution of statistical distributions deviating from the normal 


By way of example, we shall examine the distribution given in reference [4], p. 131, 
the origin of which is not indicated. 
-10 -9 -8 -—7 —-5 — — —2 -] 0 
14 35 240 1198 1444 1584 
7 10 1] 12 
1242 7 i 53 5 8 I l 


For this distribution, the calculations give: n = 10,701; o = 2-736; rg = —0-0743; 
ry = 3-277; r; = —0-723; rg = 19-49. On the other hand, o,, = 0-0264; o, = 0-053; 
o,, = 0-289; o,, = 0-84; since for all r, their differences from the normal values excee 
the corresponding o ,, then these differences may be considered significant. 

From formulae (6), we find 0? = 1-45; 03 = 0-81; vy, = 0-297; v, = 0-703. Further, 
from formulae (10) we get: a, = —0-130; a, = 0-055 so that the conditions of (11) 
are satisfied. This means that if the given series is effectively inhomogenous and consists 
of two normals, then the values obtained for the parameters of these normals are 
correct. 

As for the assumption that the series is the superposition of two normals, to verify 
this it is necessary, as stated above, to show that the values of the parameters found 
satisfy not only the equations from which they are derived (which is fulfilled automat- 
ically) but also the equations which have not been used in finding them or at least one 
of these equations. In this case, we did not use the equation for the fifth order moment. 
With reference to condition (11), it will have the form 


rs 15y,a; (05+ 07) (ei— 3). (12) 


Substituting here the values of the parameters, we get r? = —0-840. Since this 
value differs from the experimental value r, = —0-723 less than by o,, = 0-289, the 


~ 
~ 


resolution must be considered correct. Finally, we have n; ~ 3180; n, ~ 7520; x, 
~ —0°36; xX, ~ 0:15; o, 3-29; o, » 2-46. 

The second example is taken from the findings of Betsch on the distribution of 
ocular refraction presented in the book by Tron ([5]), p. 109 and 248), i.e. different 
degrees of myopia and hypernetropia. 

Refraction in 
diopters 
Number of cases 
(frequency) 
Refraction in 
diopters 
Number of cases 3915 3915 54 

Treatment of this series gives: ¥ = —0-461D; 6 = 1°225D; rz = —0°602; ry = 
= 13°48; r,s = —27-0; re= 474; o,)= 0-025; o,}=0-05; o,, = 0-27; o,, = 0-80- 
Here all the r,—r? are much larger than the corresponding o,, and are thus signif- 
icant. 

Because of the smallness of rz, as a first approximation we shall consider the dis- 
tribution symmetrical. The considerable size of the excess (~10) indicates that the 
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Series in question is inhomogenous. Since the excess is positive, then the two assumed 
sub-series composing the series are characterized by an identical mean value, 
but differing dispersions. The significance of this may be as follows. It is known that 
the refraction of the eye is determined in the main by two factors: the refractive power 
of the cornea and the length of the axis. If (in accordance with the theory of Steiger) 
different refractions of the eye derive from random combinations of normally varying 
elements of the optical apparatus of the eye, then the corresponding series would be 
homogenous and the distribution of the refractions would be normal. The presence 
of a considerable excess in distribution indicates, as emphasized by Tron ([5] p. 110) 
that the assumption of random combinations of normal variations is incorrect. It 
may be assumed from the arguments presented above that in some eyes the variations 
in refraction are essentially connected with variations in the refractive power of the 
cornea with very insignificant variations in the length of the axes and in other eyes 
in the main with variations in the length of the axis with relative constancy of the 
refractive power of the cornea and a correlation between these two factors is virtually 


absent. 

We shall now define the parameters of these sub-series. After calculating that 
4-49 and g, = 31-6, we find from formulae (6): of = 7-315; 03 = 0-447 (so that 
2:705, 0, = 0-669 and o, = 3:31D, o, = 0-°819D); », = 0-08; », = 0-92 (so 

that m, ~ 770, n, ~ 8870). Now from formulae (10) we calculate that a, = —0-363, 
a, = 0-032 (so that x, = —0-363 x 1-225—0-461 = —0-906D, x, =0-422D) and 
consequently condition (11) is here fulfilled for aj = 0-13 < of = 7-3 and a} = 0-001 < 


o; = 0-45. 

Consequently, if the resolution of the given distribution into two normals actually 
reflects the real origin of this distribution, then the values of the parameters obtained 
for the normals are correct values. To test the validity of this assumption, we shall 
check it in the following manner. Substituting the values of the parameters obtained 
into (12) we get r} 23-4, whereas the experimental value is r; = —27-0. The 
absolute difference between these two values 6r; = 3-6 substantially exceeds o,, so 
that the system (3) cannot in this case be considered common. But on the other hand, 
the relative size (as compared with r;) of this value is small, which may serve as an 
indication that the mathematical analysis closely reflects the essential features of the 
series; the difference between r? and r; can be regarded as an indication of the presence 
of a certain correlation between the variations in the length of the axis of the eye and 
the variations in the refractive power of the cornea. 

Hence the results of the analysis may be formulated thus; the given series consists 
in the main of two sub-series one of which contains ~ 770 eyes distributed with a stand- 
ard deviation of 3-31D and the other contains ~ 8870 eyes distributed with a standard 
deviation of 0-82D. The problem as to which of them relates to the variations in the 
power of the cornea and which to variations in the length of the axis cannot be solved 
mathematically. 

In conclusion, we take another example—distribution of bean seeds by weight 
({6], p. 133 and [7], p. 210). 
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Classes (mg) 200 250 300 350 400 450 500 550 600 650 700 750 

Frequencies 3 9 28 S51 I111 174 101° 44 6 0 ] 5 
For this distribution, the calculations give x = 465 mg; o = 78-1 mg; rz; = 0-186; 
ry = 497; r5= 6°76; rg= 51-0; o,, = 0-106; o,, = 0-212; o,,= 1-16; o,, = 3-38. 
Here all Ar,,| > o,, So that the deviations from the normal are reliable. From the 
given values of the moments we obtain the parameters of the two sub-series —normals: 
of = 2:20; 0 = 0-451; », = 0-314; », = 0-686; a, = 0-113; a, = —0-0516. We see 
that condition (11) is satisfied so that if the given series is actually inhomogenous and 
consists namely of two normals, then the parameters of these normals have been cor- 
rectly determined. However, substitution of the solutions found in (12) gives r? = 2-68 
which is completely at variance with the true value r; = 6-76; the difference dr; = 6°76— 
2:68 = 4:08 is high not only absolutely (as compared with o,, = 1-16) but also 
relatively (as compared with r;). Hence, the model of two normals is not suitable here; 
if the series is both inhomogenous and composed of normals, then in any case the 


greater part of the specimens do not form two normals. 
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RECENTLY, in the scientific literature a number of communications have appeared 
relating the biological activity of DNA to its molecular weight (MW) [1-3]. Thus, 
for example, it has been shown that with a fall in molecular weight to | « 10° the trans- 
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forming ability of DNA disappears. Other workers [4] associate the radioresistance 
of certain malignant formations with the presence in them of low polymer DNA. 
In our work [5] from analysis of a number of molecular parameters of DNA it has 
been concluded that low and high molecular weight DNA must differ from one another 
in definite configurational features: DNA with MW > | x 10® must be in an extended 
form, molecules of DNA with MW 1x 10® must have a more stable, contracted 
configuration. Moreover, as we have demonstrated [6-7], high molecular weight 
samples of artificially contracted DNA differ from the extended form of the DNA 
macromolecule in their increased radioresistance. 


Accordingly, it was necessary to study the configurational stability of the DNA 


molecule to a number of external influences in relation to its molecular weight. It was 
to be expected that DNA molecules with MW 1 x 10°, already in a contracted con- 
figuration, would possess increased resistance to the effect of ionizing radiations (by 


analogy with artificially contracted samples of high polymer DNA). Moreover, DNA 
with MW 1 x 10® should not change its configuration on reduction of the pH of 
the medium unlike the extended form of high molecular DNA. 

The present work is devoted to experimental verification of this hypothesis. It seems 
to us that such a comparative study of the dependence of the molecular properties 
on the molecular size of DNA is an absolutely essential step in elucidating the link 
between the molecular morphology of DNA and its biological activity. 


METHODS 


Preparation and characteristics of the initial DNA samples. The DNA prepara- 
tions were obtained from calf thymus by the method of Mirsky and Pollister [8] with 
deproteinization according to Sevag [9]. Three samples of DNA were investigated: 

I. N/P = 1:8; MW = 4-4x 108; [7] = 39-5 100 cm?/g; a/b = 295* 

N/P = 1:8; MW = 1-9x 10°; [7] = 17:2 100 cm?/g; a/b = 195 
Ill. N/P ~ 2:0; MW = 3-6 10°; [7] = 32-2 100 cm*/g; a/b = 268 

Determination of (yn), M and a/b. The characteristic viscosity [7] was determined 
in an Ostwald viscometer at a temperature of 25+- 0-01°. The parameters of the vis- 
cometer were: capillary, / = 100 mm, d = 0-6 mm, volume 10 cm*; initial concentra- 
tion of DNA 0-004 per cent; solvent 0°2 M NaCL. Determination of the molecular 
weight (MW), above a value of 1 x 10°, and asymmetry (a/b) of the molecules was 
made according to the relations [7] = 9x 10-®° MW[I0] and a/b = 47 [»] [11]. When 
determining the molecular weights of DNA with MW < 1%x10® the values of the 
coefficient K in the equation [7] = /(M) were chosen from the corresponding curve 
(Fig. 1) according to the value of [7] obtained. The above-mentioned operation arose 
from a number of structural peculiarities of DNA at the transition (MW = | x 10°) 


described by us previously [5]. 


* Here and below the degree of asymmetry has been computed from one of the possible con- 
figurational models of DNA in solution—in the form of an extended ellipsoid of rotation. 
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Preparation of homologous series of DNA fractions. To obtain DNA fractions 
with different molecular weights, 0-05 per cent solutions in 0:2 M NaCl were insonated 
in an experimental sound unit (we wish to express our gratitude to our senior scientific 
colleague A. P. Pekhov for providing us with the opportunity of working on the ex- 
perimental sound unit) in an atmosphere of nitrogen at a frequency of 10 kc/s at a 
temperature of 5+ 1°. The need to use nitrogen arises from the reduced oxidative 
effect on DNA on insonation in an atmosphere of hydrogen [12] or nitrogen [2, 3], 
Depolymerization of DNA under the action of sound waves of this frequency occurs 
without appreciable chemical changes in the molecules [3, 13]. This is also indicated 
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Fic. 1. Determination of value of constant K in equation [y] KM for the 
range MW 1x 10° (for M 1 «10°; K const. 9x 10-® [10)}). 


by the ultra-violet spectra we recorded in (Table 1). To obtain DNA of different mole- 
cular weights only the time of insonation was varied, keeping the intensity constant 
(100 W). In this way we obtain in all ten DNA preparations with molecular weight 
ranging from 4-4 10® to 0-6 10® (Table 1). 

DNA absorption spectra. The ultra-violet absorption curves of DNA were obtained 
with a SF-2 spectrophotometer over the range 2 = 230-300 mw; A,,, = 260 my. 
The concentration of DNA in all cases was 0-001 per cent in a cuvette 1 cm thick. 

Irradiation. The DNA preparations were irradiated by a RUT-60-20 X-ray unit 
(60 kV, 20 mA, 0-5 mm AI, focal distance 60 mm). The volume of the irradiated DNA 
solution was 10 ml with a DNA content 0-004 per cent. 

Contraction of DNA molecules by changing pH of solution. Acid compression 
of DNA was carried out in a air-water thermostat [7] by dialysis of 0-004 per cent 
DNA solution in 0-2 M NaCl against 0-2 M NaCl acidified with HCl to pH 2-7. The 
DNA configuration (by back dialysis) was restored in the same apparatus. 


RESULTS OF INVESTIGATION AND DISCUSSION 
The results already obtained for the absorption spectra of insonated DNA pre- 
parations (see Table 1) were quite unexpected. From sources in the literature [14-16] 
it is known that any more or less harsh treatment of DNA causes an increase in the 
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absorption maxima at A = 260 mu. In this case, the reverse phenomenon occurred, 
namely, a reduction in the extinction coefficient for A = 260 my. At the same time, 
against the background of the general level of extinction, differences were observed 
in the extinction for different times of insonation and correspondingly, for DNA of 


different molecular weight. 
TABLE 1. CHARACTERISTICS OF DNA PREPARATIONS OBTAINED BY INSONATION 


ot Sea % change in extinction 
Preparation MW __ [n] 100 : Extinction f ; 
a/b as compared with non- 


Sample , 5 
No. (x10-*) cm*/g (A = 260 my) “ie - 
. insonated preparation 


| (Original) : 39-47 7350 
31°5 6520 

16-0 6420 

7050 


9 (Original) 
10 

11 (Original) 
12 


13 


Thus, while for short durations of insonation (2—10 sec, 3—20 sec) the extinc- 
), with an increase in the 


tion coefficient fell quite considerably (by 12-13 per cent 
time of such treatment (4—50 sec, etc.) the extinction coefficient did not fall to the 
same extent, which may indicate the reduced “crudeness” of the preparations. 

It has been reported [17, 18] that lower values of the extinction coefficient cor- 
respond to less asymmetrical DNA (DNA of the C, type) and it may be assumed 
that although DNA is not denaturated by insonation, the reduction in the extinction 
coefficients corresponds to passage of some of the molecules into the controlled form. 
The small rise in the extinction coefficient occurring for increased duration of insonation 
(not exceeding, however, anywhere its values for the non-insonated preparations) 
is probably connected with certain disturbances in the crudeness of the molecules. 

Further, in obtaining preparations with a range of molecular weights it was found 
(Fig. 2) that DNA molecules of varying degrees of polymerization behaved differently 
in respect of their stability to insonation. As Fig. 2 shows, with reduction in MW there 
is an increase in the stability of the samples to insonation. The course of the curve 
starting from a MW for DNA equal to about | x 10° becomes almost parallel to the 
abscissa (time of insonation). This may apparently, be interpreted as transition of 
DNA for M 1 x 10° into a new configurational state distinguished by considerably 
increased resistance to external factors, i.e. transition of DNA from the metastable 


to a stable configurational state. 
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As the results of irradiation of DNA preparations of different molecular weight 
(Table 2) show, the radiosensitivity of the samples also bears a definite relation to 
their degree of polymerization. For molecular weights of the order of 1 x 10° and lower, 
the DNA solutions showed virtually no change in their viscosity at the radiation doses 
used. At the same time, for M > | x 10° the fall in viscosity of DNA reached 30-50 per 
cent. If these changes in viscosity are described by the term “configurational damage” 
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Fic. 2. Effect of time of insonation on molecular weight of DNA. 


(Q) of DNA previously proposed by us [7] then in this case the configurational damage 
to DNA with MW = 1 x 10° is 0-15 per cent and for DNA with MW > 1 10®, Q 
approximates to 60-100 per cent (see Table 2). We attribute the reduction in the value 
Q on reduction in the value of MW to | x 10 to an increase, in this case, of the fraction 
of contracted molecules with high configurational stability. 


TABLE 2. RADIOSENSITIVITY OF DNA AS FUNCTION OF MOLECULAR WEIGHT (DOSE 10,000 r) 
Preparation MW % fall in viscosity on irra- | Configurational damage 
No. (xi¢*) diation (A) 


4-4 = 100 
3°6 100 
3°5 E 66 
1-5 20 
1-3 LPS 
0-9 4:5 
0:8 0 
0-7 0 
0-6 4-5 


It is natural that if, in fact, the DNA preparations with MW < 1 x 10® are in a con- 
tracted configuration, then the change in pH which usually compresses high molecular 
weight samples of DNA must have no effect for molecules with MW < 1x 10°, ice. 
molecules with these parameters should not be compressed. Fig. 3 shows the results 
observed 15 min after altering in the pH for preparations of samples I and III. For 
the molecular weights of 4-4 10® and 3-6 x 10® the viscosity fell by about 50 per cent. 
On back dialysis the original viscosity was completely restored. For molecular weights 
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of 1-9 10° and 1-3 10° a 32-34 per cent drop in viscosity was observed which on 
back dialysis was completely (MW = 1-9x10®) or almost completely (91 per cent 
for MW 1-3 10°) restored. For preparations 5, 6, 7 and 13 (MW < 10°) altering 
the pH to 2-7 caused no fall in viscosity. Only after 45-50 min did the viscosity of the 
samples fall by 20-40 per cent. However, on back dialysis the viscosity was not restored 


at all. 





| 








| 
| 








| 
j 2 3m0* 
Fic. 3. Relation between relative fall in characteristic viscosity of DNA (when in 


medium at pH 2-7) and molecular weight: a, sample I; b, sample III. 


Hence, the fall in viscosity in the latter case is associated with destruction of the 
molecules as is also indicated by control experiments in which the DNA preparations 


with MW > 110° were kept at pH = 2-7 for 45-50 min. In this case the viscosity 


was not restored on back dialysis. 
Table 3 shows the configurational damage to DNA in relation to molecular weight 


after 15 min at pH = 2-7. 


We relate the somewhat different values in the fall in viscosity of DNA prepara- 
tions with MW > 1 10® to their polydispersibility, according to molecular weight. 
Thus, on acid compression of DNA samples with MW = 3-0 10® and 3-6 x 10° we 


TABLE 3. CONFIGURATIONAL DAMAGE TO DNA IN RELATION TO MOLECULAR WEIGHT AT PH 2:7 


% configura- °%% restoration 


; % drop in vis- % change in 
Preparation MW “EPPS 
N cosity on asymmetry on | tional damage of viscosity on 
No (x10~-°) : : : 
change in pH change in pH back dialysis 
100 
100 
100 
100 


100 


* In view of the fact that acid compression was effected a some time after obtaining the DNA, 
these preparations, sample I, were somewhat depolymerized after reduction of molecular weight and 


VISCOSIty 
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observed complete contraction (100 per cent configurational damage) but for MW 
= (2-1-5) x 10° there was already a definite proportion of DNA molecules with MW < 

| x 10° which naturally also affects the magnitude of the fall in viscosity. On transi- 
tion to MW = 1 x 10® virtually all the molecules are in the contracted state reflected 
in the absence of an effect of pH on the configurational damage to DNA. 

Hence, our experimental findings on insonation, acid compression and irradiation 
of DNA molecules of different degrees of polymerization show that at MW 1 x 10° 
the molecules display great configurational stability to all these treatments. The 
material presented furnishes definite proof of the transition of DNA molecules, as 


previously shown by us [5], at MW 110° into a new stable configurational 


state — the contracted form. 


SUMMARY 

(1) As a result of insonation in a nitrogen atmosphere thirteen DNA preparations 
were obtained with molecular weight ranging from 4-4 to 0-5 10°. 

(2) An increase in the stability of DNA to insonation was found with a reduction 
in the degree of polymerization of DNA. This phenomenon was most sharply expressed 
for DNA with MW of the order | x 10°. 

(3) It has been shown that the extinction coefficients of DNA in ultra-violet light 
(for A = 260 my) fall with a reduction in the degree of polymerization of DNA. 

(4) It was found from an investigation of the radiosensitivity of DNA preparations 
with respect to their molecular weight that DNA molecules with MW | x 10° display 
increased radioresistance. 

(5) It was found that DNA preparations with MW 110° display increased 
configurational resistance to the effect of change in pH of the medium. 

(6) The experiments lend support to our contention that in solution, other things 
being equal, there are present two types of DNA molecules: (1) the compressed stable 
(for M 1x 10°) and (2) extended metastable configurations (M > I x 10°) distin- 
guished by a different configurational stability to external influences not producing 


depolymerization of nucleic acid molecules. 
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CHANGES IN THE MAGNETIC PROPERTIES OF YEAST 
DURING GROWTH AND CELL DIVISION* 
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IN previous works [l-5] anomalous magnetic properties of nucleic acids and their 
complexes with proteins were discovered and investigated. 

It was shown [5] that in the absence of an initial magnetic moment the appearance 
of wide lines of magnetic resonance and the saturation of static magnetic suscepti- 
bility in comparatively weak fields are due to peculiarities of the macrostructure of 
these compounds and such electronic characteristics as ionization potentials and the 
electron affinity of individual nitrogenous bases forming part of the macromolecule. 
These properties were termed pseudoferromagnetism of orderly organic structures. 
Numerous experimental findings in these studies demonstrated that pseudoferro- 


magnetism is a property dependent on the structure of the individual macromolecule. 


Preliminary experiments with native tissues containing considerable amounts of 
nucleic acids have shown that these tissues are also characterized by specific pseudo- 
ferromagnetic properties. It was of interest to see whether the appearance and change 
in pseudoferromagnetism is connected with biological activity and whether any role 
is played by a peculiarity of the electron structure of the molecules of nucleic acids 
and nucleoproteins manifest in anomalous magnetic properties in the course of such 
highly important biological processes as growth, cell division, etc. 


* Biofizika 6: No. 1, 15-19, 1961. 
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In order to solve this general problem we first set out to discover whether there 
are regular changes in the magnetic properties of unicellular cultures during their de- 
velopment. After a number of preliminary experiments on bacterial cultures in which 
wide lines of electron paramagnetic resonance (e.p.r.) were obtained, although good 
reproducibility was not achieved, we selected as test object a yeast culture Saccharo- 
myces cerevisiae varieties No. 7 and 14 obtained from the laboratory of yeast bio- 
chemistry of the VNIIKhPP. An important factor in the choice of yeast culture as 
the main test object was the detection by a colleague, B. M. Girdo, of intense wide 
e.p.r. lines in yeast dried in industrial conditions. We would like to take this opportunity 
to express our sincere gratitude to Professor Ye. A. Plevako and senior scientific col- 
league N. M. Selikhatova for the material made available and assistance in carrying 
out the experiment. The experimental technique was as follows. A yeast culture was 
cultivated by so-called air-flow method [6] with a 10-hour schedule (the first experim- 
ents were carried out with a 5-hour schedule). The essence of the method is that a small 
inoculum of mother yeasts multiply in a nutrient medium which at increasing speed 
becomes a yeast culture apparatus and simultaneously a fine stream of air is blown 
in. Media with a weak acid reaction are used. They contain sugar, nutrient salts and 
nitrogenous substances maintained at a temperature of 28-30°. In work along these 
lines the process of cultivation occurs in three periods: first period | hr, fermentation 
of the yeast; second period from 6~9 hr, prolonged accumulation of the yeast mass 
and growth proper; third period, 1 hr, maturation of the yeast. 


In the first period the mother yeast are converted from the resting into the gem- 


mation state. During the second period in the presence of oxygen and nutrient sub- 
stances in the medium the number of gemmating yeast cells rapidly increases (to the 
sixth hour of the experiment). From the seventh hour regular cell growth, as in the 
first six hours of cultivation, is no longer observed; cells of different generations, 
capable and incapable of further vegetation, accumulate in the medium. By this time 
the absolute amount of yeast is such that normal nutrition of the yeast cells is disturbed, 
particularly due to oxygen Jack. Growth of yeast cells is inhibited and the products 
of vital activity accumulate in the medium. Thus, with this experimental arrangement 
after 8-9 hr the processes of cell division and growth of the yeast culture are strongly 
inhibited and by the tenth hour virtually cease. The samples for investigating the e.p.r. 
spectra were taken every 30 min after inoculation of the nutrient medium. Every 30 min 
a microscopic check was made on the state of the yeast culture. Samples of 100 ml sus- 
pension were removed from the apparatus and filtered through a double filter with 
a fore pump; the yeast was removed from the filter with a glass spatula, weighed and 
before drying, placed in a refrigerator. The yeasts were dried in a drying cupboard 
in Petri dishes initially at 45-50° and then at ~ 40° for 1 hr. The moisture content 
of the dried yeast was 7-8 per cent (drying by lyophilization gave similar results). 
From the dried yeast 70 mg samples were taken and the e.p.r. spectra recorded in the 
same glass capillary. In these conditions of drying the yeast when placed in nutrient 
medium started to develop normally. The specimens prepared were investigated in 
an e.p.r. spectrometer with double magnetic modulation at a frequency of 9375 Mc/s. 
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To record the wide lines the magnetic field was varied from 6000 oersted to zero. The 
curves were recorded on the tape of a recording instrument in the form of the first 
derivatives of the absorption lines. The intensity of the signals was determined by 
graphical integration and comparison with the intensity of a signal of a standard para- 
magnetic sample. The reported values for the number of unpaired electrons per gram 
are to a certain extent arbitrary, since in the presence of collective interaction, the 
intensity of the e.p.r. signals rose much more quickly than did the number of unpaired 
electrons. These values should be interpreted as the signal of magnetic resonance 
of the same integral intensity as that given by a preparation of a pure paramagnetic 
substance containing a stated number of unpaired electrons. The g factor was deter- 
mined by comparison with the free radical of diphenyl picrylhydrazil. The measurements 
were made at room temperature. In the test samples a simultaneous determination 
was made of the content of ribonucleic (RNA) and deoxyribonucleic (DNA) acids, 
nitrogen and phosphorus. Samples of the original yeasts, as a rule, gave virtually no 
e.p.r. signals with the standard conditions of amplification; the upper limit of the 
signal intensity can be taken as not more than 3x 10" unpaired electrons per gram 
and usually, apparently, much less. Within only 30 min of the start of the experiment 
an extremely intense magnetic resonance signal appeared, corresponding to 1-3 x 10”! 
unpaired electrons per gram. Subsequently, as the culture developed, the intensity 
of the signal regularly and periodically changed throughout the experiment for as long 
as 6-5-7 hr. Fig. 1 depicts a typical experiment. As from 7-7-5 hr the intensity of the 
signals started to fall sharply and by 8-10 hr had returned to the original level. By this 
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Intensity (1) of wide e.p.r. signal of preparations of yeast culture in relation 
(hr) from start of growth. I, number of unpaired electrons per gram pre- 


paration 10 (in arbitrary units). 


time the processes of cell division and growth of the culture had more or less termin- 
ated. Fig. 2 shows the e.p.r. spectra of yeast cultures at different stages of division. 
The position of the maxima of the absorption lines ‘during development of the culture 
remained practically unchanged. The g factor was 2:2. The shape of the lines under- 
went changes. Nearly always the lines were sharply asymmetrical and characterized 
by distinct absorption in zero magnetic field. The degree of asymmetry rose towards 
the end of the experiment. The width of the line between the points of maximal slope is 
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about 800 oersted. Apparently, this wide line was the result of superposing two lines 
with different g factors. In some records relating to the 5-6 hr samples, these lines 
were better resolved. It may be assumed that the high asymmetry of the lines is con- 
nected with the anisotrophy of the g factor. Fig. 3 shows a typical absorption line 
in the integral form. 


900 oersteds 
ned 


——___ 


H 
Fic. 2. E.p.r. spectra of original (a), 30-min (b) and 10-hr (c) preparations taken 
in uniform conditions. Amplification on (b) reduced approx. 3 times. 


Measurements made in our laboratory by N. I. Pavlova, to whom we express our 
sincere gratitude, showed that the static magnetic susceptibility of the preparations 
changed in parallel with the intensity of the e.p.r. signals. The original yeasts were 
practically diamagnetic, whereas the preparations corresponding to the period of 
intense development were characterized by positive magnetic susceptibility and the 
magnetization curve indicates complete saturation‘in fields of less than 1000 oersted. 
Thus, from the point of view of magnetic properties, intensively growing yeast cultures 
are similar to the native nucleic acids and their protein complexes previously investi- 


gated. 
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Fic. 3. Typical integral curve of e.p.r. absorption for preparation of yeast culture. 
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The following conclusions may be drawn from the experimental material given 
above. Resting yeast cells possess only very weakly marked pseudoferromagnetic 
properties. In our arbitrary units the intensity of the e.p.r. signal did not exceed 3 x 10'* 
unpaired electrons per gram. Inoculation of the cells into a nutrient medium in con- 
ditions in which processes of cell division and growth were virtually absent (“revital- 
ization”) did not lead to an increase in the magnetic properties. The start of the process 
of cell division and growth of the culture was always accompanied by a sharp rise 
in the intensity of the e.p.r. signal (at least by 50-100 times and possibly much more). 
The intensity of the e.p.r. signal in arbitrary units corresponds in this case to 1-3 « 10?" 
unpaired electrons per gram. During growth over two generations regular changes 
were observed in magnetic properties and before the advent of the second generation 
(as before the start of the first) an increase in the e.p.r. signal was always observed. 
In the yeast cultures at our disposal, which were not fully synchronous, the intensity 
of the signals varied for the different phases of growth by a factor of 2-3. 

The cessation at the end of the experiment of the processes of growth and division 
(culture brought to the stage of “maturation”) was always accompanied by a sharp 
drop in the intensity of the e.p.r. signals to the point of the original, practically zero 
level. All these results without any exception were reproduced in 30 series of experim- 


ents. In the experiments performed on various varieties of yeast and in various experim- 


ental conditions (aeration, nutrient medium, presence of salts, etc.) correlation was 
observed between the intensity of the e.p.r. signals appearing during development 
of the culture and the rate of growth. 


SUMMARY 

All the findings of the previous investigations point to the fact that anomalous 
magnetic properties are determined by the presence of highly ordered macromolecular 
structures. 

In this work it has been established that the course of a complex biological process, 
in this case division of yeast cells, is accompanied by regular changes in cell structures 
at the molecular level manifest in sharp changes in magnetic properties. It is likely 
that the sharp charge in magnetic properties precedes division. Apparently, in parallel 
with the change in magnetic properties there is change in the dielectric properties 
of these structures (polarizability, segnetoelectrical characteristics [5, 8]). It may be 
supposed that further more detailed research on synchronous cultures and comparison 
of the changes of the magnetic and electrical properties with the stages of mitosis will 
bring us nearer to an understanding of the physical mechanisms of these as yet enig- 
matic processes. 
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PROBLEM OF THE TRANSMISSION OF THE ENERGY 
OF HYDROLYSIS OF ADENOSINE TRIPHOSPHATE 
TO CONTRACTILE PROTEIN* 


L. P. KAYUSHIN, YE. B. KOFMAN, I. N. GoLuBEV, K. M. L’vov and M. K. PULATOVA 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 21 September 1960) 


It is now generally recognized that splitting of adenosine triphosphate (ATP) cata- 
lysed by myosin supplies the energy for contraction of the muscles. However, the 
nature of the transmission of energy to the contractile proteins is unknown. The problem 
of the nature of the interaction of ATP, myosin and actin is still far from solved. 

The existing hypotheses on the pathways of conversion of the energy of chemical 
bonds into mechanical work in muscular contraction do not provide a solution of the 
problem as a whole. There is a large body of facts which are difficult to connect by 


a single, consistent theory. It is therefore natural to elucidate the individual specific 


stages of the physicochemical mechanism of muscular conraction. 

According to Weber [1] the energy of the ATP bonds passes into mechanical work 
directly at the sites of formation of new bonds between actin and myosin. The first 
step of the reaction is phosphorylation of contractile protein. Further conversion 
of the energy occurs in a series of successive individual steps of spatially organized 
reactions of the active groups of muscle proteins. 

According to the view of Szent-Gy6rgyi [2] the energy of ATP may pass into the 
form of electronic excitation of the myosin molecule and thus be transferred throuhg 
the molecule to the site of reaction. The reaction of enzymatic hydrolysis of ATP by 
contractile protein requires the presence of magnesium ions. It is assumed that magne- 
sium may produce a single electronic system of the phosphate groups and purines 
of ATP. The contractile proteins by fixing the substrate and deforming it ensure the 
conditions necessary for the transmission of the energy of hydrolysis of the nucleo- 
tide triphosphate through magnesium bridges to myosin. Attempts have been made 
[3] to confirm experimentally the assumption of Szent-Gyérgyi on the formation 
via the energy of ATP of new temporary bonds between individual parts of the protein 
structure which should lead to spatial shifts on a macroscopic scale. 


* Biofizika 6: No. 1, 20-23, 1961. 
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It may be expected from the ideas of Weber [1] that during the reaction free protein 
radicals amenable to study by the method of electron paramagnetic resonance (e.p.r.) 
are formed. The scheme of Szent-Gyérgyi [2] would allow to still greater degree a search 
for excited states with unpaired electrons by the e.p.r. method. 

We sought to detect the e.p.r. absorption in native actomyosin gel after treatment 
with ATP. In splitting the ATP the protein gel simultaneously undergoes syneresis 
which to a certain extent serves as a model of mechanical-chemical conversion. Pre- 
parations of myosin, actin and ATP were also tested. 

Natural actomyosin was obtained from cooled minced rabbit muscles extracted 
for 24 hr in Bailey’s solution. In one series of experiments the extract was diluted with 
double its amount of 0-5 M KCl, pressed through gauze and filtered through paper 
pulp and precipitated twice with 12 times its volume of double distilled water. In another 
series of experiments the extract was precipitated twice with 0-1 M KCl and a third 
time with water. The preparations of actomyosin obtained in the two series were then 
treated with ATP. The moist actomyosin gel (30-35 mg protein per ml, pH 7-5) was 
placed on a watch glass (80-100 mg dried protein), a volume of 0-5°% solution of so- 
dium adenosine triphosphate (pH 7-0) equal to one tenth of the gel volume was ad- 
ded and it was left for 30 min at room temperature. The compressed gel was wash- 
ed once with water and dried in a fine layer on glass for 48 hr over calcium chlo- 
ride at 3-5”. The dried film was ground in an agate mortar. Actomyosin gel without 
ATP was dried in the same way. Myosin was obtained from the minced rabbit muscle 
by extraction in Bailey’s solution (10 min). The extract was filtered twice, re-preci- 
pitated with 20 times its volume of water and dissolved in 0-5 M KCl with bicar- 
bonate to a protein concentration of about 10 mg/ml (pH 8-5). The ATP-ase activity 
was characterized by the value Q, = 3000. To prepare the dried specimen, the pro- 
tein was precipitated by 10-fold dilution in water. The samples combining myosin 
and ATP were obtained by adding to the protein solution a tenth of its volume of neu- 
tral solution of 0-5°, sodium adenosine triphosphate, the sample was left for 30 min 
at room temperature and the protein then precipitated. The myosin precipitate was dried 
in the same way as the actomyosin. The actin was obtained from the rabbit muscle by 
the method of Straube. A solution of fibrilar actin in 0-1 M KCl (4-7 mg/ml) was 
dried in porcelain dishes over calcium chloride at room temperature. In all the exper- 
iments the ATP preparations of the Ivanovskii Meat Combine were used. 

The reaction of actomyosin and myosin with ATP was run in conditions (salt con- 
centrations, pH) close to the optimum for actomyosin and myosin ATP-ase activities 


respectively. 


Approximately 40 mg of the dried samples of actin, myosin, actomyosin, ATP, 
myosin+ATP and actomyosin-++-ATP were placed in glass tubes of 3 mm diameter. 


The e.p.r. spectra were studied on a spectrometer with double modulation of the 
magnetic field. The high frequency modulation was 465 kc/s. The first derivatives 
of the absorption lines were recorded. A detailed description of a similar instrument 
has been published in paper [4]. 
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The first point to note is that ATP does not display e.p.r. absorption. We ascertained 
this by repeated tests of various samples of ATP (see A in the figure). The e.p.r. spectra 
which were observed by Isenberg and Szent-Gyérgyi [5] were apparently due to foreign 
matter. In addition, it is difficult to believe that ATP molecules in normal conditions 
contain unpaired electrons. It is noteworthy that actomyosin interacting with ATP 
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Fic. 1. E.p.r. absorption spectra (first derivative of absorption 
line). (A) ATP; (B) actomyosin ATP; (C) actomyosin; 
(D) actin; (E) myosin + ATP. High amplification for (A), 
10 oersteds (C), (D) and (EB). 
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possesses appreciable e.p.r. absorption (see B in the figure). This fact was recorded 


for actomyosin in the first and second series. 

In the actomyosin complex and also in myosin plus ATP it was possible to observe 
slight e.p.r. absorption (see figure, C and E), obviously due to interaction of the ATP 
traces (for actomyosin) and the enzyme. In the myosin fraction a certain amount of 
actin may be present. For myosin and actin e.p.r. absorption was not detected. The 
width of the e.p.r. signal for actomyosin plus ATP was 64 oersted, the distance between 
the points of maximum slope 8 oersted, the g factor coincided approximately with 
that for the free electron. The presence of a non-symmetrical hyperfine structure was 
apparently due to the fact that there is a collection of dissimilar radicals. Their number 
was ~ 10"’ particles per gram substance. The findings show that none of the components 
of the actomyosin plus ATP system as such can be the cause of the effect observed. 
The e.p.r. signals were given only by actomyosin interacting with ATP. The fact that 
myosin with ATP does not possess noticeable e.p.r. absorption still cannot be taken 
as an indication of a concrete pathway for conversion of energy. 

There are two possibilities: (a) only in the actomyosin complex and not in myosin 
alone are there levels of electron excitation charged by the energy of hydrolysis of the 
macroergic bonds of ATP; or (b) in actomyosin, on splitting of ATP functional groups 
enter into the reaction capable of passing an electron to the corresponding excited 
level leading to free radical formation. It is also possible that in part the e.p.r. absorp- 
tion was caused by mobile electrons transferred during the reaction through the system 
of magnesium bridges from ATP to actomyosin. 

We consider it necessary to point to yet another factor. In several studies it has 
been shown that a large number of enzymatic redox reactions proceed via free radicals 
[6]. In the case of enzymatic hydrolysis we see that the class of reactions of biological 
catalysis occurring with free radical formation is considerably wider than was sup- 


pe sed. 


SUMMARY 

(1) E.p.r. absorption has been detected for the actomyosin plus ATP system. 

(2) The e.p.r. spectra observed indicate the presence in the actomyosin plus ATP 
system of electrons transferring energy from ATP to contractile protein. 

(3) Enzymatic hydrolysis of ATP by actomyosin is associated with formation of 
free radicals. 

The authors are deeply grateful to Corresponding Member of the U.S.S.R. Academy 
of Sciences, Prof. G. M. Frank, for the posing of the problem and also to R. G. Lyud- 
kovskaya and I. K. Kolomiitseva for discussion of the results. 
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X-RAY INVESTIGATION OF MUSCLE STRUCTURE 
USING VARIOUS METHODS OF FIXATION* 


L. L. RAZUMOvVA and G. M. FRANK 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 25 April 1960) 


INVESTIGATION of submicroscopic structures of tissues involves many difficulties. 
The most widespread method—electron microscopy—cannot be used to study living 
structures since preparations of the ultra-fine sections required for high resolution 
is impossible without preliminary fixation of the specimens. Moreover, the range of 
the structures which can be examined is limited in this case by the resolving power 
of the microscope, not to mention the necessary condition of “contrast” of the struc- 


tures studied, i.e. the heterogeneity of the properties of the preparation under study, 
This contrast, as a rule, is produced artificially by selective staining of the specimen 
which largely determines the pictures obtained. 

X-ray structural analysis, in principle, permits study of living objects both in the 
region of dispersion of the X-rays at large angles (which corresponds to interatomic 
and intermolecular distances in matter) and in the low angle region which also takes 
in some structures which are studied electron-microscopically. This covers a much 
wider structural scale than does electron microscopy. However, for X-ray structural 
analysis, investigation of living or surviving tissues presents considerable difficulties. 
First of all, a definite degree and a quite definite character of orderliness of the substrate 
is essential which follows from the very principle of investigation connected with the 
diffraction of X-rays. It has been established not only for biological specimens but 
also for synthetic high polymer systems that a structure which appears orderly in the 
electron microscope may be radiographically or electronographically amorphous, 
i.e. “structureless” [1]. At the same time, in most cases (especially for investigations 
in the region of low angles of dispersion) the exposure time must be so great that it 
seriously complicates work with non-fixed objects. The greatest difficulties arise in 
those cases in which it is a question of studying the structural bases of processes under- 
going rapid completion or the structural characteristics of a given functional state. 
Of relevance here are the attemps to arrest (fix) the different stages of the processes. 


* Biofizika 5: No. 1, 24-29, 1961. 
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It has also been noted that in the undried state, tissues are considerably more sensitive 
to the damaging effect of X-rays and that a high (up to 85 per cent) water content of 
the tissues hampers X-ray structural analysis: the diffraction pattern of the proteins 
is obscured by superpositioning of the intense diffraction pattern of water. 

For these reasons in investigating the ultra-structural organization of tissues it 
is absolutely necessary (for electron microscopy) or very convenient (in the case of 
X-ray structural analysis) to use fixed preparations. The term “fixation” also covers 
special drying of the preparations. In this connexion we have a problem which has 
not yet been sufficiently investigated in a systematic manner; what are the changes 
in the ultra-structure (including organization at the molecular level) introduced by 
the different methods of preparing specimens for electron-microscopic and X-ray 
investigations? We know only the paper of Ferndndez-Mordn and Finean [2] devoted 
to X-ray and electron-microscopic study of different stages and methods of preparation 
of the nerve axon for electron-microscopic investigation. 

To clear up this problem with reference to muscle tissue we made a study, using 
high and mean angle radiography of samples of the sartorius muscle of the frog pre- 
pared in different ways. 

The X-ray diffraction patterns were obtained in cameras with a collimator diameter 
of 0-1 mm and a length of about 30 mm, ensuring high definition of the patterns; 
an acceptable exposure was ensured by use of a microfocus tube designed in the In- 
stitute of Biological Physics, U.S.S.R. Academy of Sciences [3]. 

Diffraction patterns of the following dried samples of the sartorius muscle of frog 
were obtained: (1) dried at room temperature (about 20°) in a dessicator over calcium 
chloride; (2) dried at a temperature of —30° in vacuo; (3) dehydrated by the method 
of Szent-Gydrgyi [4] at the temperature of dry ice; (4) treated with glycerol; (5) fixed 
with solutions of formalin, osmic acid and also Carnoy’s fluid which is considered 
as the best fixative of muscle tissue, and (6) subjected to the effect of the individual 
ingredients of Carnoy’s fluid-alcohol, chloroform and glacial acetic acid. 

The patterns obtained are shown in Figs. | and 2. The X-ray diffraction pattern 
of the muscle of normal length dried in a dessicator over calcium chloride (Fig. 1(a)) 
did not differ from the patterns the basic features of which are known from findings 


published as early as 1921 [5]. Two diffuse halos were observed in it, corresponding 


to a periodicity in the substance of 9-8 and 4-6A. In the meridional direction (the 


direction of the muscle fibre) on the internal boundary of the external halo an arc 
was visible with the period of 5-1 A, characterizing the presence in the samples of 
protein chains in the form of an alpha helix [6]. The inner halo had packings at the 
equator of the diffraction pattern which may be iaken as evidence of the orientation 
of a certain fraction of the protein chains along the axis of the muscle fibres. It also 
showed the slight meridional reflexions first observed in the X-radiograms of muscles 
in 1943 [7] due, as was shown later [8], to the actin component of muscles. 

The diffraction pattern of the muscle of normal length frozen in a resting state 
(as a result of slow cooling) and dried in vacuo at a temperature of —30° is shown 
in Fig. 1(b). It is similar to that described above and differs from it only in a certain 
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diffuseness along the arc of the equatorial packing at the 9-8 A halo, the 5-1 A meri- 
dional arc and the system of meridian reflexions of actin. Such changes in the diffraction 
pattern appeared as a result of a minor decrease in the parallel array of the corresponding 
structural formations, possibly as a result of a certain disorientation of the integral 
muscle fibres. 


Fic. 1. Diffraction patterns of frog sartorius muscle dried at normal length: (a) in dessicator at room 


temperature over CaCl,; (b) in vacuo at —30°; (c) by method of Szent-Gyérgyi; (d) as (c) but not 


at same temperature—at room temperature; (e) after glycerol treatment. 
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The diffraction pattern of the muscle dried by the method proposed by Szent- 
Gyérgyi [4] (the muscle was immersed at normal length into acetone cooled to the 
temperature of dry ice, kept in it for 3 weeks and then in ethylene chloride for a week 
at the same temperature), Fig. l(c), was similar to that in Fig. 1(a). 

Fig. 1(d) shows the diffraction pattern of the muscle passed through acetone and 
ethylene chloride not at the temperature of dry ice but at room temperature. As was 
to be expected, the diffraction pattern suggested denaturation of the muscle; against 
the background of the 4-6 A diffuse halo there appeared a distinct ring with a period 
of 4:6 A which is considered characteristic of denaturation of protein bodies [9]. The 
diffraction pattern of the muscle fixed at normal length in glycerol and then washed 
for 24 hr in running water is given in Fig. I(e). In the presence and form of the charac- 
teristic reflexions it was similar to the pattern in Fig. 1(a) but contained additional 
sharp rings in the region of 16 and 4-5 A, obviously due to residual glycerol not removed 
by washing. 

The diffraction pattern in Fig. 2(a) of a sample kept in formalin for a long time 
(the muscle fixed at normal length was placed for 24 hr in 10° formalin, washed for 
24 hr in tap water and dehydrated with absolute alcohol) differed from the pattern 


Fic. 2. X-ray diffraction patterns of frog muscle fixed at normal length in solutions: (a) formalin; 
(b) osmic acid; (c) Carnoy’s fluid. 
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in Fig. 1(a) in the absence of the meridional actin reflexions with retention of the degree 
of orientation of the 5-1 and 9-8 A relfexions (Kratky [10] also observed change in 
the equatorial periods in the region of 30-40 A for samples treated with formalin). 
In the diffraction pattern of the sample kept in formalin for a shorter time (1 hr) the 
actin reflexions were better maintained. 

The diffraction pattern of the muscle fixed in a solution of osmic acid (the muscle 
fixed at normal length was placed for 4 hr in 1° osmic acid solution in veronal-acetate 
buffer at pH 7:2, washed for | hr in Ringer’s solution and dehydrated in alcohols; 
12 hr in 70%, 2 hr in 90% and 3 hr in 100%), Fig. 2(b), was distinguished by a strong 
background centrally connected with the osmium content of the sample and by an 
almost complete loss of orientation. The 5-1 A meridional arc and the meridional actin 
reflexions were not visible. The equatorial packing at 9-8 A was very diffuse at the 
azimuth and barely noticeable. However, the reason for this is not clear; whether it 
was disorientation of the structural elements or actual disappearance of certain perio- 
dicities as a result of osmic fixation. The diffraction pattern of the muscle with the 
greatest possible stretching fixed in a solution of OsO, did not differ even in orientation 
from the pattern of the muscle fixed at normal length. 

Fig. 2(c) is the pattern of the muscle fixed with Carnoy’s fluid (the muscle fixed 
at normal length was placed for 30 min in the solution—six parts absolute alcohol, 


three parts chloroform, one part glacial acetic acid—then dehydrated for 3 hr in absolute 
alcohol). The diffraction pattern differed from that in Fig. 1(a) primarily in the presence 
in the outer halo of a distinct ring at 4-6 A, being a sign of denaturation of the protein. 


The meridional actin reflexions were absent although 5-1 and 9-8 A reflexions were 
inconsiderably diffused along the arc. 

Patterns of the samples exposed to the effect of the individual ingredients of Carnoy’s 
fluid were also obtained. The diffraction pattern of the muscle treated with chloroform 
coincided with that of the muscle treated with Carnoy’s fluid itself. There was little 
difference in the diffraction pattern of the muscle treated with alcohol and the muscle 
treated in glacial acetic acid; they differed only in the greater arc diffusion of the 5-1 
and 9-8 A reflexions. Thus, Carnoy’s fluid itself and each of its ingredients exerted an 
obvious denaturing effect on muscle tissue. 

We would note that with the denaturing effect of alcohol on fresh muscle, dehydration 
by alcohol after fixation with formalin and osmic acid did not have any further dam- 
aging effect on the samples. The diffraction pattern of the samples dried after fixation 
in a dessicator over calcium chloride or passaged through alcohol were uniform both 
after fixation with formalin or osmic acid. 

Thus, identical diffraction patterns were obtained for muscles dried in a dessicator 
over calcium chloride, according to the technique of Szent-Gyérgyi or treated with 
glycerol (if we disregard the presence in the diffraction patterns of the lines of the 
residual glycerol). These diffraction patterns correspond to that which is characteristic 
of dried muscles in the normal state. They show the presence in the muscle of a certain 
number of protein chains in the form of the orientated phase of the alpha helices 
(meridional reflexion at 5-1 A), the presence of orientated actin (meridional reflexions 
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in the main within the 4-6 A halo) and the presence of a “radiographically disordered” 
phase (halo at 4-6 A). 

The diffraction pattern of the muscle dried in vacuo at —30° after slow freezing 
differs in having somewhat less orientation of the protein chain (as indicated by the 
longer length of the 9-8 A arc) and the less distinct actin reflexions, apparently as a result 
of derangement of orientation. The reason may be distortion of the direction of whole 
muscle fibres on being separated by the ice crystals formed on freezing. 

The appearance of the diffraction pattern of the muscles fixed with formalin depended 
on the duration of the action of formalin; the meridional actin reflexions were notice- 
able in the case of | hr but were not visible after 24 hr fixation in formalin. In other 
respects the diffraction pattern coincided with the “standard” one. Apparently, there 
is some effect of formalin fixation on the actin component of muscles. 


Carnoy’s fluid produced a manifestly denaturating effect on the muscles as in- 


dicated by the appearance in the pattern of a distinct ring of 4-6 A. 


Loss of orientation of the protein chain on osmic fixation was so great (as can be 
judged from the appearance of the patterns) that it considerably reduced the information 
on the effect of this fixative on the molecular structure of muscle tissue. However, 
it should be noted that the very loss of orientation is of great interest. It follows from 
the experience of electron microscopists that osmic acid is the best fixative for muscle 
tissue, ensuring observation of distinct and excellently orientated structures; the dif- 
fraction patterns of the fixed samples, even with maximal stretching showed an almost 
complete absence of orientation. This discrepancy may be explained in various ways. 
It is possible that on osmic fixation disorientation of the coarser structural formations 
occurs, rather than the bundles of protofibrils observed in the electron microscope. 
With the collimation of the X-ray beam used by us, averaging of the X-ray characteristics 
was made for a cylindrical volume with an area of the base of the cylinder of about 
0-01 mm? and a height of about 0-5—0-7 mm. The field inspected in the electron micro- 
scope was of the order of 10 «? but in view of the fact that inspection at various points 
of the preparation fixed in osmic acid showed retention of the orientation of the proto- 
fibril in an area of the order of a square millimetre it may be assumed that the disorienta- 
tion observed in the diffraction patterns was the result of disturbances in orientation 
in the region of smaller dimensions with retention not only of the transverse striations 
of the protofibrils but of their inherent, quite strictly orderly arrangement in the form 
of parallel bundles. In view of the disorientation of the diffraction patterns it is also 
not clear whether disorientation of structure is accompanied by deeper changes in the 
structure of the protein chains. 

In any case, the disorientation and disturbance in regularity of packing occurs, 
apparently, outside the region of structural dimensions accessible to the electron 
microscope. It may be that with retention of the orderly interrelations within the bundles 
of protofibrils there is a sharp change in the state of the protein chains within each 
protofibril. The qualification must be made here that the intense diffuse background 
scatter produced by osmium makes it difficult to draw any final conclusion. This 


problem may be solved by setting up additional experiments. 
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In conclusion, attention must be called to the good preservation of structure on 
fixation of the muscle with formalin as compared with Carnoy’s fluid or osmium. 
In the case of formalin, patterns are observed closer to the “standard” arbitrarily 
taken by us, which obviously most closely corresponds to the native structure. This 
can be seen from the similarity in the diffraction pattern of the sample fixed with 
formalin and dried by lyophilization. The conclusion that molecular organization 
is well maintained coincides with the results of physicochemical investigations showing 
that it is precisely formalin fixation which maintains to a higher degree than other 
histological fixatives (alcohol, Carnoy’s fluid, solution of OsO,) the character of 
the electrical parameters of the muscle, sorption properties muscle proteins, etc. [11], 

It is possible that these properties are determined by the preservability of the 
structure of the myosin component. 

At the same time, on comparing the results of radiographic and electron microscopic 
methods an inverse relation was observed in the results for formalin fixation as com- 
pared with fixation with osmium. The preservability of molecular order detected 
radiographically with formalin fixation corresponds to greatly inferior retention of 
protofibrilar organization (in contrast to osmium) in electron microscopic study. 
As is commonly stated, in the case of formalin, “cruder” patterns are observed. 

All this makes the comparison of the results of radiographic and electron micro- 
scopic methods in the structural study of muscles very valuable. 

In choosing the method of preparing objects for investigation account should 
be taken of the findings revealed by radiographic analysis and it should be remembered 
that some generally adopted methods of fixation appreciably distort the molecular 
skeleton of muscle tissue. 


SUMMARY 


A radiographic (X-ray diffraction) comparison of certain methods of fixation 
of samples of muscle tissue including drying (with the frog sartorius muscle serving 


as example) has been made. 

It has been shown that the molecular skeleton of muscle tissue is best maintained 
by drying in a dessicator over calcium chloride at room temperature (Fig. 1(a)), de- 
hydration according to the method of Szent-Gyérgyi (keeping the sample for a long 
time in acetone and then in ethylene chloride at the temperature of dry ice (Fig. 1(c)) 
and also glycerol treatment (Fig. 1(e)). Drying from the frozen state in vacuo leads 
to a slight reduction in orientation of the structure, possibly because of the separation 
of the muscle fibres by the ice crystals formed between them on freezing (Fig. 1(b)). 

Fixation with formalin leads to a weakening in the diffraction pattern of the actin 
reflexions which increases with the duration of stay in formalin (Fig. 2(a)). Fixation 
with osmic acid leads to a sharp fall in orientation in the sample (Fig. 2(b)). Carnoy’s 
fluid and its individual ingredients denature the tissue by changing the structure of its 
molecular skeleton (Fig. 2(c)). Of interest is a comparison of the radiographic and 
electron microscopic pictures for fixation, on the one hand, with formalin and, on 
the other, with osmium. In the first case, retention of the molecular pattern is matched 
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by “coarsening” of the electron microscopic picture and in the second, the good main- 
tenance of the morphological picture is accompanied by disorientation of molecular 
Structure. 
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IN the work of our laboratory [1, 2] on the photoreduction of chlorophyll and its 


analogues solvents of the most diverse nature have been used although most of the 


investigations have been carried out with pyridine solutions. 

As the most likely representation of the photoreduction reaction the following 
scheme has usually been adopted, corresponding to the single electron scheme of 
Michaelis for oxidative — reduction reactions (3): 

a h . 
Ch+RH = Ch-+RH* 
= hy 
Ch+RH, = Ch+RH,* 
for the first stage of the photochemical formation of the “electron” primary reduced 
form of the pigment and 


Ch-+H* = ChH+R 


* Biofizika 6: No. 1. 30-39. 1961. 
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for the formation of the secondary “proton” reduced form, where Ch is the pigment 
and RH or RH, the reductant. It is natural that this scheme is taken only as a very 
simplified expression of the processes actually occurring on photoreduction of pig- 
ment solutions. 

Investigations in our laboratory [l, 2] have shown that the capacity for reverse 
photochemical reduction is a property peculiar to the porphyrin pigments and is ap- 
parently determined by the presence of a closed ring of conjugated double bonds capable 
in the long-lived excited state of accepting a spare electron [4]. 

However, the kinetics and the result of photochemical reduction are affected not 
only by the nature of the pigment and the reductant but also by the properties of the 
solvent used. For example, although in the case of pyridine solutions containing ascor- 
bic acid, illumination leads to the formation of the red photoreduced form of chlo- 
rophyll, in alcoholic solutions in the presence of ascorbic acid production of this form 
is not observed. 

We shall consider the pyridine—ascorbic acid—pigment system. Because of the basic 
nature of pyridine, ascorbic acid is present in the pyridine solution not in the free 
form but probably as a more or less stable compound with pyridine. This compound, 
depending on the water content of the pyridine, may be dissociated to a greater or 
lesser degree. The relationship established by Bannister [5] between the rate of formation 
of the secondary reduced form of chlorophyll and the water content of the pyridine 
shows that an ion of ascorbic acid is probably active in the photoreaction. Hence, 
it is clear that the successful course of the reaction, i.e. formation of the red form 
(in the case where ascorbic acid is the electron donor), necessitates conditions favourable 
to formation of the ascorbic acid ion. This apparently largely explains the absence 
of an overt reaction in the case of alcoholic solutions of chlorophyll containing ascorbic 
acid. The latter in this case is in the free form and not sufficiently dissociated. As is 
known, addition of a small amount of pyridine or ammonia greatly promotes this 
photoreaction [6]. 


Nor in the general case is the solvent inert in relation to the pigment itself. The 
interaction of pyridine and the pigment molecule is confirmed by the appreciable 
change in the absorption spectrum of the pigments on changing the solvent (partly 
in relation to the position and number of bands but mainly their relative magnitude 
[7-9]; also by the findings on the effect of added polar solvents on the spectrum and 
fluorescence of chlorophyll solutions in non-polar solvents [10—12]). 


Our findings on the effect of temperature and of the viscosity of the solution on 
the rate of the primary photochemical reaction of the pigments [13] suggests that 
with ascorbic acid, the pigment does not form any stable molecular compound in the 
dark, in any case, in pyridine solution. However, in the case of other reductants, for 
example, phenylhydrazine [14], this undoubtedly does occur (see also findings of 
Dilung and Butsko on the interaction of chlorophyll and a number of salts [15]). 
The solvent and reductant apparently may compete with each other for pigment in 
the formation of molecular compounds and the quantitative relation of these compounds 
depends on the solvent and reductant. 
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Thus, in the case of pyridine solutions the photochemical reaction must, in fact, 
occur not between the free molecules of pigment and ascorbic acid but between the 
solvated ascorbinate ion and the solvated pigment molecule. Although dissociation 


of ascorbic acid is a favourable factor for photoreduction, it is not clear how solvation 
of the pigment affects this process. In the case of pyridine it is apparently conducive 
to the formation of the secondary photoreduced form of the pigment since because 
of its affinity for a proton the molecules of pyridine may contribute to retention of 
the latter in the complex. It may thus be assumed that the red reduced form of chlo- 
rophyll [1] is not simply a reduced pigment but is the result of joint interaction of re- 
ductant, pigment and organic base and that, in general, its existence is possible only 


provided these three factors are present—the base need not necessarily be pyridine. 
In other conditions of photoreduction of chlorophyll, a photoreduced compound 
may be obtained differing in its properties, in particular, in stability and absorption 
spectrum, from the red reduced form with its absorption band in the region 520-525 mu. 

This assumption is confirmed by the available factual material. In fact, the red 
reduced compound, termed the secondary reduced form of chlorophyll, may be formed 
and exist only in definite conditions. Departure from these conditions leads either 
to absence of the outward manifestations of photoreduction or to the formation of 
compounds with other properties, in particular, with different absorption spectra 
and reactivities. 

It suffices to take another solvent or reductant, for example, alcohol or toluene 
instead of pyridine or phenylhydrazine in place of ascorbic acid to alter the properties 
of the reduced product. It has already been noted [1] that, in particular, change in 
the acidity of the solution may lead to change in the properties of the product. This 
applies both to photochemical and to dark reduction of the pigments [16, 17]. The 
red colour of the chlorophyll solution reduced by zinc is obtained only within very 
narrow limits of acidity of the pyridine solution, whereas outside these limits the reduced 
compound is yellowish-brown [16]. 

It must be emphasized, however, that although in external appearance the reduction 
products of chlorophyll are often not at all like the red reduced form of chlorophyll, 
these are unquestionably the products of reduction of the pigment or more accurately, 
the result of the change in pigment due to reduction in the given conditions. This is 
suggested in the first place by the greater or lesser reversibility of the reaction leading 
in the dark to the reverse formation of the original pigment, especially in the presence 
of oxidants. 

In the light of these considerations there seems to be little point in the attempts 
that have been made to relate the change in absorption in the 515-525 my region 
on illumination of live leaves to the photochemical reduction of chlorophyll in photo- 
synthesis [18-21]. 

It is quite possible that in the conditions of the living leaf in the presence of chlo- 
rophyll—protein-lipoid complexes, the spectral manifestations of photoreduction of 
the pigment will appreciably differ from those occurring in pyridine and the changes 
in the absorption spectrum must be sought in a quite different region. This argument 
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is supported by the results of Vorob’eva and Krasnovskii [22] obtained with foliar 
homogenates. In the presence of sodium ascorbinate a small fall in the red maximum 
on illumination was not accompanied by the appearance of a maximum in the 520 mu 
region. 

The above ideas relating to the so-called secondary reduced form of chlorophyll 
may also apply to the result of the primary stage of photoreduction [2, 23]—transfer 
of an electron from reductant to pigment. Again the electron does not link up with the 
free pigment but with its molecular compound with the solvent and the outward 
expression of this process may depend on the nature of the latter. 

Unfortunately, we have not as yet been able to achieve conditions of the reaction 
which would permit measurement of the spectral properties of the primary reduced 
form of either the non-magnesium pigments [24, 25] or of chlorophyll and its other 
analogues containing magnesium in the centre of the molecules. The primary reduced 
form of these pigments in our conditions was too labile and reactive and gave a very 
rapid reverse reaction so there was no possibility of linking with a proton and passing 
to the secondary form (see findings of Dilung and Dain for solutions in acetone con- 
taining SnCl, [26)}). 

However, in the case of pyridine solutions the photochemical formation of the 
primary reduced form is accompanied by an increase in electrical conductivity [27] 
which makes it possible to notice the appearance of this form also for the magnesium- 
containing pigments. 


MEASUREMENT OF ELECTRICAL CONDUCTIVITY 


In a number of cases the method of measuring the electrical conductivity of solutions 
of pigments in pyridine undergoing photochemical reduction is very suitable for 
observing the processes occurring in the pigment. However, ascorbic acid as reductant 
was unsuitable in this case because of the very high conductance of its solution in the 
dark, in our experiments phenylhydrazine was usually employed [23, 27]. 

In the scheme drawn up to explain the observed phenomena, it was assumed that 
an increase in electrical conductivity on illumination is due to the presence of a charge 


on the primary reduced product formed by linkage of the electron to the pigment 


molecule present in the long-lived excited state [23, 27]. 

But if we take into consideration the above remarks, then one of the ion pairs 
formed may not be the free molecule of the reduced pigment but a compound of it 
with the solvent. The nature of the latter may strongly affect the properties of the 
product of electron linking and it may be expected that changes in the electrical con- 
ductivity will vary with the properties of the solvent. Naturally, the differences de- 
pending on the properties of the molecules of the solvent in the complex must be added 
to those dependent on the properties of the solvent, its dielectric constant, conductance, 
etc. 

The absence of systematic data on changes in the electrical conductivity of pigment 
solutions in solvents other than pyridine on photoreduction, prompted us to investigate 
the effect of illumination on the electrical conductivity of solutions of chlorophyll 
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and some of its analogues in a number of solvents containing a reductant (phenylhydra- 
zine). 

The electrical conductivity was measured in the vacuum vessel depicted in Fig. 1. 
The size of the platinum plates was 66 mm and the distance between them 5 mm. 
The lower part of vessel was immersed into a transparent Dewar flask containing alcohol 
at the requisite temperature. The low temperature was achieved by adding pieces 


of dry ice to the alcohol. 























Fic. 1. Vacuum vessel for measuring electrical conductivity. 


The illuminating arrangement consisted of a 300 W incandescent lamp with a glass 
condenser and a light filter absorbing infra-red rays with another separating out the 
necessary (red) part of the spectrum. 

We usually used a MOM-3 megohmmeter, permitting measurement of resistances 


up to 10,000 M2, as the measuring instrument. Special experiments showed that in 


the case of the low conducting solvents used by us polarization phenomena had virtually 
no effect on the measurements. In the dark the reading did not change for a consid- 
erable time, providing the temperature remained strictly constant. 

The results of the measurements were usually expressed in values of 1/42 where 
(2 was the reading on the instrument in ohms when the vessel mentioned above was 
used. 

Pigments. Chlorophylls a and 6, pheophytins a and 6b, bacteriochlorophyll and 
bacteriopheophytin were obtained by the methods previously described [17, 28, 29] 
and purified by chromatography through a column of sucrose. As reductant we used 
phenylhydrazine distilled over zinc dust. The solvents were purified by distillation. 
To the vessel was usually added 3 ml of a solution of pigment at a concentration of 
~5»10-°M and 0-05 ml phenylhydrazine and the vessel was evacuated for 3 min 
by a vacuum pump with vigorous boiling. The resistances were read at definite in- 


tervals during 5-10 min illumination in the dark. 
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RESULTS OF MEASUREMENT OF ELECTRICAL CONDUCTIVITY 


Fig. 2 shows as an example the results of one of the experiments with solutions 
of chlorophyll a and pheophytin a in ethyl-ether. An appreciable increase in electrical 
conductivity was observed on illumination in both cases and in the case of chlorophyll 
an obvious though incomplete reverse reaction after switching off the light was given. 
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Fic. 2. Change in electrical conductivity of solutions of chlorophyll a (1) and pheo- 
phytin b (sic) (2) in ethyl-ether in presence of phenylhydrazine (temperature —45°C). 


The table gives a synopsis of the measurements with different pigments and sol- 
vents. The electrical conductivity is expressed in reciprocal ohms computed from direct 
readings of the instrument with the electrode vessel mentioned above. Column 5 
shows the maximum value of electrical conductivity achieved on illumination since in 
a number of cases the electrical conductivity curve started to fall before illumination 
ceased. Column 6 gives the values of photoelectrical conductivity expressed in re- 


ciprocal ohms multiplied by 10°; they vividly show the difference in the effect of light 


for the different solvents. Column 7 records the degree of reversibility of the change 
in electrical conductivity after switching off the light at low temperature without ad- 
mission of air. 

On comparing the findings obtained for the different solvents, it will be seen that 
the initial electrical conductivity of the test solutions varied greatly, related to the 
variable conductances of the solvents themselves. 

In a number of solvents on illumination a rise in electrical conductivity was observed 
although greatly differing in absolute and relative terms for the various solvents. Con- 
spicuous and considerable changes in the case of all pigments were observed for pyri- 
dine solutions which is in agreement with our earlier results [27]. 
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Even larger absolute changes in electrical conductivity were observed in the case 
of methanol solutions of the pheophytins, whereas solutions of the chlorophylls in 
this solvent gave no change in electrical conductivity. Minor, in absolute terms but 
considerable relative changes were observed in ether. 

For the solutions in toluene and acetone, photoconductivity was not detected for 
any pigment. 

[t must be supposed that in all cases the rise in electrical conductivity was the 
outcome of photochemical processes involving the pigment on illumination in the 
presence of the reductant and, in particular, it was directly or indirectly associated with 
formation of the primary reduced form as the result of transfer of an electron from 
reductant to pigment. However, in those cases in which changes in electrical con- 
ductivity were not observed, a process of reduction also occurred. The fate and pro- 
perty of the ionized primary reduced form soon after its formation apparently varies 

satly with the nature of the solvent. It must be assumed that, depending on whether 
compounds of the pigment and solvent were formed, the stability and properties of 
any such compound which are manifest in photoconductivity may change to a con- 
siderable degree. 

As was shown earlier [10-12] in a number of non-polar solvents such as toluene, 
benzene, etc. compounds of pigment with solvent do not form. Therefore, it may 
be assumed that in toluene solutions containing phenylhydrazine all the pigment 
molecules must be fully bound with phenylhydrazine. Photochemical transfer of the 
electron apparently occurs within the complex [3] and does not affect its external 
charge and degree of ionization. As a result, changes are not observed in the electrical 
conductivity of the solution. Apparently, photoconductivity was also not observed 


in acetone for the same reason. 


In the case of such polar solvents as pyridine, piperidine or alcohols, the pigment 
may form a compound with the molecules of solvent and the electron is transferred 
from the reductant to this compound with resultant change in the electrical state of 
the solution. If a solvent does not exert any specific effect on the photochemical reaction 


then the primary transfer of electrons must lead in this case to a change in electrical 


conductivity. 

If the pigment has a higher tendency to form a compound with the reductant, in 
this case with phenylhydrazine, than with the solvents, change in electrical conductivity 
will not be observed for polar solvents. Apparently, this may explain the difference 
tn the behaviour of the solutions of chlorophylls and pheophytins in methanol (see 
Table). Solutions of the chlorophylls showed no change in electrical conductivity on 
illumination, apparently, because the chlorophylls evidently prefer to form compounds 
with non-polar substances giving more stable compound with phenylhydrazine [14] 
than with methanol. Pheophytins, as a result of absence of magnesium, apparently 
do not form a complex [10] which leads to a marked change in electrical conductivity 
on illumination as a consequence of transfer of an electron from reductant to pigment. 
A similar picture though less pronounced was also observed for solutions in ethanol. 
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CHANGES IN ELECTRICAL CONDUCTIVITY OF PIGMENT SOLUTIONS CONTAINING PHENYLHYDRAZINI IN 
VARIOUS SOLVENTS ON ILLUMINATION WITH RED LIGHT 
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Thus, the manifest difference in the degree of change of electrical conductivity 
on illumination of solutions of pigments in different solvents may be explained by 
the factors discussed at the beginning of the article. 

Of course, the nature of the solvent may also determine the stability of the reduced 
compound formed in the dark. In fact, while in the case of pyridine solutions of phe- 
ophytin a it suffices to reduce the temperature to —40- —45° for the primary reduced 
compound to have relative stability [24, 27], in the case of methanol solution of this 
pigment switching off the light led to a rapid fall in electrical conductivity even at 


a low temperature (see Fig. 3). 
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There is no doubt that the nature of the pigment itself is also an important factor 
for the stability of the reduced compound in the dark. As is known, the presence of 
a metal instead of hydrogen in the centre of the molecule strongly modifies the pro- 


perties of the pigments in relation to their capacity for photochemical acceptance of 
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Fic. 3. Change in electrical conductivity of solution of pheophytin a in methanol 
(10-* MW; 45°C) in presence of phenylhydrazine. 


an electron. The presence of Cu or Ni atoms in the centre of the molecule makes the 
solutions of pigment quite inactive photochemically, while the presence of Mg strongly 
increases the reactivity and instability of the “electron” primary reduced form even 
in the complex with a solvent. Apparently, special conditions, as yet not clear, are 
necessary for the stabilization of the latter in the dark in the case of magnesium pig- 


ments. 


SUPPLEMENTARY EXPERIMENTAL DATA AND DISCUSSION 


The high reactivity and instability of the primary reduced form of the pigments 
Suggests that the properties of the compounds formed may vary if present in solution 
for a long time. During the investigations we noticed that change in electrical conduct- 
ivity of solutions of pheophytin a in pyridine after switching off the light could vary 
with the time of illumination. Although after quite prolonged illumination at low 
temperature switching off the light did not lower the electrical conductivity, after 
brief illumination (several seconds) in the first moments after switch off the electrical 
conductivity curve fell slightly, indicating an incomplete reverse reaction. Subsequently 
the curve ran parallel to the time axis as usual. Apparently, the short period of il- 
lumination was not long enough for the establishment of a new equilibrium, the con- 
ditions of which are determined by the high reactivity of the primary reduced form 
as compared with the original pigment. 

On the other hand, the effect of the duration of illumination may be partially con- 
nected with changes in time of another compound—the product of oxidation of the 
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reductant—which gradually arrived at a state in which it was less capable of a reverse 
reaction with the reduced pigment. 

As the table shows, the greatest change in electrical conductivity on illumination 
was observed in the case of solutions of pheophytins in methanol. Fig. 3 gives a typical 
curve of the measurement of electrical conductivity for a solution of pheophytin a, 
A notable feature was the fact, noted by us above, that, unlike the pyridine solutions 
of pheophytin, on switching off the light the electrical conductivity in the case of me- 
thanol fell very sharply. This points to a much lower stability of the products formed 
on photoreduction in methanol as compared with those formed in pyridine. The reason 
is undoubtedly the difference in the properties of the solvent, probably not only with 
respect to acid-base equilibrium but in the ability of the solvent to form a more or less 
stable compound with the pigment in competition with phenylhydrazine. Apparently, 
pheophytin in methanol, as already stated, does not form a coordinate compound 
either with phenylhydrazine or with methanol and, therefore, its ionized primary 
reduced compound in this case is unstable. 


The instability of reduced pheophytin in methanol is also confirmed by spectral 


measurements. Fig. 4 shows the change in the spectrum on illumination of pheophytin 
a in methanol with phenylhydrazine. The spectrum of the product of reduction is similar 
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Fic. 4. Change in absorption spectrum of pheophytin a in methanol on photore- 


duction in the presence of phenylhydrazine at —45°C. 1, initial spectrum; 2, after 


illumination for 5 min; 3, after admission of air at low temperature. 


to that of the secondary reduced form of chlorophyll and is apparently due to the 
“proton” form of reduced pheophytin. The rapid reverse reaction on entry of oxygen 
even at low temperature shows that the secondary reduced form in these conditions 
is much more unstable than in pyridine. 

Special experiments showed, that the absolute value of the change in electrical 
conductivity on illumination of the solutions of pheophytin a in methanol bore a direct 
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relation to the concentration of pigment in the solution which indicates the direct 
role of the pigment in this phenomenon. 

The rapid reverse course of the electrical conductivity on switching off the light 
enabled us to confirm (for pheophytin in methanol) the findings obtained by this 
method with chlorophyll in pyridine which showed the réle of the primary reduced 
form as an intermediate product in the photosensitization of methyl red reduction 
[30]. As Fig. 5 shows, with a rapid alternation of light and dark the electrical con- 
ductivity in the absence of an accepior showed a correspondingly rapid increase or 
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Fic. 5. Effect of presence of an electron acceptor (methyl red) on rapid changes in electrical conduct- 
ivity of solution of pheophytin a in methanol containing phenylhydrazine on alternation of light and 
dark. Periods of darkness shaded, MR = addition of methyl red. 


decrease. Addition of acceptor sharply lessened the amplitude of the fluctuations which 
was gradually restored as the sensitized reduction of the acceptor progressed. This 
suggests that the concentration of the ionized reduced form falls sharply in the pre- 
sence of an acceptor as a result of rapid reaction with it. It should be noted that even 
in the presence of a non-reduced acceptor in the case of pheophytin there were certain 


changes in conductivity of alternation of light and darkness, whereas in the case of 
chlorophyll in pyridine they completely disappeared in the presence of the acceptor 
[30]. This again confirms the high reactivity of the reduced form of chlorophyll as 
compared with that of pheophytin. The results of the experiments once again point 
to the presence of a single mechanism of sensitization by chlorophyll and allied pig- 


ments. 
SUMMARY 

The work has been concerned with change in the electrical conductivity of solutions 
of chlorophyll and certain analogues in different solvents on illumination in the pre- 
sence of phenylhydrazine as reductant. The appearance of considerable photocon- 
ductivity for solutions of all the investigated pigments in pyridine was confirmed. 
Absence of change in electrical conductivity was established on illumination of solutions 
of the pigments in toluene and acetone with the appearance of photoconductivity 
for ethereal solutions of all the pigments investigated and for methanol solutions of 
pheophytins. 

An attempt is made to explain the difference in behaviour of the pigments in va- 
rious solvents as the result of differences in interaction of the molecules of pigment, 


reductant and solvent in the dark. 
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The reported results confirm the important réle of the primary reduced form of 
pigment in the mechanism of photosensitization of the oxidative-reduction reaction 


by chlorophyll and its analogues. 
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CHAIN CHARACTER OF EXCITATION IN PLANT TISSUES* 
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THE denaturation theory of excitation of D. N. Nasonov and V.I. Aleksandrov is 
based on the process of excitation denaturation changes in proteins. 

The experimental findings obtained by one of us [1] on the autocatalytic chain 
character of the course of aggregation—the second phase of denaturation—in a pro- 
tein solution, prompted us to investigate the kinetics of the processes of excitation 
in structured protein systems. 

The identity of the protein substrate of plants and animals accounts for the identity 
of the basic patterns of excitation in both types of organism. As systems reacting more 
slowly, plants are a suitable object for investigating the mechanism of excitation. 
Unfortunately, the pehnomena of excitation in plants, unlike those in animals, have 
received insufficient study. The published results chiefly relate to investigations made 
on single non-differentiated cells of the lower algae, e.g. Pithophora, Nitella and Chara, 
in which a numter of characteristic phenomena of excitation have been established 
[2-5]. Therefore, amongst plant physiologists the belief is widely held that the majority 
of plants are organisms with low reactivity in which the processes of excitation are 
of an elementary character. This has led to a denial of impulse excitation in plants 
[6], despite the presence of a spreading wave of excitation in !Mimosa pudica. It is 
considered that it shows excitability uncommon for plants. 

Of the methods of mvestigating excitation processes known to us, the most suitable 
is measurement of the bioelectric potentials, since they can be recorded without any 
interference in the normal vital processes of the organism. 

In the literature there is a good number of findings on changes in the bioelectric 
potentials in various functional states of plants and under the influence of various 
external factors [6-13]. At the same time, the number of investigations concerned 
with the basic patterns of excitation in plants is quite inadequate [7, 14-16]. Accord- 


ingly, we concentrated on a study of the bioelectric potentials—considering them 


to be indicators of physicochemical changes in proteins on excitation of plants. 


METHODS 
The bioelectric potentials were measured by means of a valve electrometer with 
a high input resistance (5 10'* Q) and were recorded with a mirror galvanometer 
with a half period of swing of 0-25 sec. The indications of the galvanometer were re- 


* Biofizika 6: No. 1, 40-44, 1961. 
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corded photographically at the rate of 1 mm/sec. The maximum sensitivity of the 
apparatus was 6 mm/mV. The zero drift was 250 “~V/min which could be disregarded 
since the potential difference observed (p.d.) was of the order of 15-60 mV. The p.d. 
was measured by means of two calomel electrodes with a surface area of 5 cm?. In order 
to avoid a temperature effect on the value of the potential of the electrodes, the point 
of application of thermal] stimulation in the plants was connected to the electrodes 
by a KCI bridge (saturated solution). The solution filled a shielded polyvinyl tube 
(50 cm in length) which was fitted with a glass tip with an asbestos fibre sealed in. 
To avoid contact between the saturated solution of KCl and the plant another glass 
tip filled with 0-00001 M KCI solution and terminating in a silk fibre brush was slipped 
over the glass nozzle. Thus, contact with the tissues was brought about without any 
damage whatsoever to the plant. 

The experiments were carried out in the main with intact plants of the species 
Trifolium the roots of which were kept in distilled water. 


RESULTS 


In a previous work [17] one of us when investigating local excitation in the leaves 
of the species Ampelopsis under the influence of stimulation by light obtained indi- 
cations of the chain character of the process of local excitation (latent period, auto- 
nomic course of reaction after induction). The present paper considers both the local 
and the spreading wave of excitation. 





——————————_— 
I I 


Fic. 1. Basic course of biphasic curve of action potential on heat stimulation of 
plant. I, reaction in Ist electrode; II, reaction in 2nd electrode. 


In our experimental arrangement, spread of the excitation wave was observed 
on stimulation of the petiole. We took this as evidence of a spreading wave of excita- 


tion on stimulation of the plant. 

It has been argued [13] that the effect of heat treatment is to form water vapour 
which under pressure rapidly spreads along the plant. In our experiments, we observed 
the spread of excitation along the petiole at a variable rate from top to base and from 
below upwards. This fact and also the presence of an excitation wave on heat treatment 
at 60° and the passage of the excitation wave in the upper part of the root where the 
water vapour cannot pass are inconsistent with the argument advanced. Nor were 
we able to confirm the assumption of Kawano [18] that excitation is responsible for 
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the formation of substances which spread from the top to the base of the plant since 
we observed spread of the excitation wave in both directions but at a different 
velocity. 

Not only the velocity of excitation but the reaction itself depends on the functional 
state of the plant; thus, for example, a 2-min stay of a severed leaf in water in the light 
had no effect on the reaction but a 40-min stay in the dark decreased it considerably. 
After 2-min in the dark the reaction in the acropetal direction was considerably dimi- 
nished and in the basipetal one it was completely absent. 

The observed changes in potentials were of a biphasic character (Fig. 1). They 
differed from those in animal organisms in their incomplete reversibility. From investi- 
gations carried out on local excitation (break of the excitation wave between the two 
electrodes by artificial means, dependence of the shape of the curve on the distance 
between the electrodes) we established that the initial positivity, the main negativity 
and part of the major positivity depended on changes in the first recording electrode. 
The second very marked positivity followed by insignificant negativity depended on 
changes in the second electrode and was in essence its negativity with respect to the 
first electrode. This general course of the curve may have a somewhat different shape 
depending on whether the leaf from which the recordings were made or a neighbouring 
one was stimulated. In the first case there is no final negativity and in the second, 


no initial positivity. 
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Fic. 2. Relation between action potential and distance from point of measurement 
(from root). 


The bioelectric potential did not depend on the distance between the point of sti- 
mulation and the electrodes. Thus, for example, we obtained identical reactions ir- 
respective of which petiole was stimulated, the measured one or neighbouring ones. 
It may thus be concluded that excitation spreads non-decrementally, i.e. without 
damping. 

On measurement of the action potential in the stem and also in the petioles close 
to the stem, irrespective of whether the root itself or the adjacent petiole was stimul- 
ated, an insignificant reaction was observed—negativity of 4—5 mV. Investigation 
of the relation between the size of the action potential and the distance of the recording 
point from the root gave the curve shown in Fig. 2 which expresses the value of the 
action potential at the second electrode as a percentage of the measured voltage at 
the first electrode. With an increase in the distance from both electrodes to the root 
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(with retention of a constant distance between them) the value of the active potential 
rose exponentially for almost one third the length of the petiole, i.e. the process of 
excitation has an incremental course. In the central part of the petiole the excitation 
wave spreads non-decrementally and close to the foliar lamina breaks down into in- 
dividual pulses. The abrupt course of the process of excitation in the first third of the 
petiole allows us to consider this process as a branched chain reaction. This approach 
offers an explanation of certain phenomena of excitation in plants with which we 
are familiar. 

With an increase in the voltage of heat stimulation (increase in the temperature 
of the stimulus) acting close to the point from which the bioelectric potential was 
recorded, phenomena are observed as depicted in Fig. 3. At 53° there is no reaction, 
at 61° the action potential appears only on repeat application of the stimulus (sum- 
mation of subthreshold stimulations.) At 63° we obtained local stimulation which 
is attenuated near to the induction point. In the interval between 63° and 80° an action 





10 sec 


Fic. 3. Relation between action potential and intensity of heat stimulus inducing it. 


potential is observed which increased with rise in the voltage of the stimulus up to 
a definite temperature. At this temperature total heat denaturation of proteins set 
in, expressed in irreversible colour change and transparency of the petiole with loss 


‘ 


of turgor, which may be taken as evidence of the non-applicability of the “all or none” 
law for stimulation of plants. At higher temperatures, the amplitude of the reaction 
is the same. 

As with any other chain reaction, the process of excitation requires an inducer to set 
in motion a process which is thermodynamically possible and which subsequently 
proceeds according to its own laws. Such an inducer be it energy or matter must have 
a definite intensity in order to induce a chain process. Otherwise, excitation is absent 
(subthreshold stimulation) or the factor of regeneration w < 1 and the process of 
excitation rapidly decays (local excitation). If the intensity of the inducer is higher 
than a definite value it induces a spreading excitation wave which spreads in relation 
to the functional parameters of the excitable substrate either as a steady process (w = 1, 
spreading without decrement of excitation), or as an abrupt branched chain process 
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with m > 1 (the case with spreading excitation with increment in the lower part of the 
petiole). In rare cases, such propagation with an increment is also observed in indi- 
vidual leaves which habe been cut-off but are still in a good functional state. 


4 


10 sec 
Fic. 4. Damping of spreading excitation wave following introduction between the two measuring 
electrodes of a band with changed excitable substrate. I, reaction after effect of ether for 2 min; II, afier 
effect of ether for 10 min; III, after preliminary heat denaturation. 


Damping, up to and including cessation of the chain process, may be induced 
experimentally in zones which ordinarily conduct without decrement, by including 
denaturated or narcotisized bands in the path of the excitation process (Fig. 4). It 
should be noted that the spreading wave of excitation is absent on measurement of the 
Eh. The difference observed in the voltage (30-70 mV) measured by platinum electro- 
des corresponds in value to the bioelectric potential. Measurements of the Eh far 
exceeding the bioelectric potentials (about 150 mV) were recorded in the case of inser- 
tion of one of the platinum electrodes directly into the involved zone denaturated by 
the heat stimulus. 

As it proceeds, the chain process exhausts the excitable structures present in the 
Steady state and a certain time is required for their “charging”. Therefore, the subse- 
quent chain process cannot proceed at all or proceeds with an insignificant ampli- 


tude at definite times after passage of the initial one (absolute and relative refractory 





Fic. 5. Relation between action potential and time from moment of passage of pre- 


ceding wave of excitation. 


periods). Fig. 5 shows the relationship between the size of the action potential and 


time elapsing after the passage of the preceding excitation. The origin of the curve 


reflects the phenomenon in which the second pulse reaches the first electrode during 
the second half of the passage of the first excitation. 
An interesting point is that the second chain process induced by a stronger inducer 


organizes for its passage structures which already were affected by the first process, 
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since on repeat stimulation at a higher temperature, a response is obtained after the 
same time interval following which, on repeat stimulation at 60° a response is absent 
(Fig. 6). 


Fic. 6. Apparent absence of refractory period on application of repeat stimulus 
of higher intensity. 
SUMMARY 


Bioelectric potentials give indications of the kinetics of physicochemical changes 
occurring on stimulation of complex structured protein systems—plants. An experim- 


ental study has been made of the latent period, the spread of excitation wave along 


the intact plant and the abrupt course of the process of excitation in the first third 
of the petiole. 

These characteristic features of excitation may be explained from the point of 
view of the kinetics of chain reactions. 

On excitation of plants three forms of chain reactions were observed; damped, 
a steady course and a branched chain reaction. On measurement of the Eh a spreading 
excitation wave was absent. 
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THe theory of excitation propounded by Hodgkin [1] now commands the greatest 
support. This theory relates the generation of an electric impulse in the surface layer 
of nerve and muscle cells and fibres to a selective increase in the permeability of this 
layer to sodium. However, recently there has accumulated a considerable number 
of facts showing that impulse generation is also possible in a medium without sodium. 
Thus, Fatt and Katz [2] have shown that the amplitude of the action potential (a.p.) 
in crab muscles does not depend on the concentration of sodium in the external so- 
lution. Fatt and Ginsborg [3] have shown the possibility of generation in muscle fibres 
of the river crayfish of prolonged action potentials (p.a.p.) with a very large amplitude 
in a medium consisting of pure solutions of BaCl, or SrCl,. 

It might have been supposed that the sodium theory is inapplicable to these crea- 
tures and that the mechanism of generation of a.p. in muscles of crustaceans differs 
from that in the giant axons of cephalapods and in the nerve and muscle fibres of 
vertebrates for which the basic postulate of the “sodium” theory appeared to be well 
confirmed. However, the experiments of Lorente de No [4] and Mueller [5-7] have 
shown that the myelinated fibres of vertebrates are also capable of generating prolonged 
action potentials in solutions without sodium. This strongly suggests the common 
nature of the mechanism of impulse generation in all these specimens. If this is so, 
then a secondary role must be assigned to sodium ions and attention must be centred 
on bivalent calcium and members of the same chemical group. The great importan 
of bivalent ions in the generation of an action current was noted as far back as 19 
by Lazarev [8]. 

To find whether there is a common mechanism of generation, a number of in- 


vestigations suggest themselves: (1) to confirm the possibility of generation of action 
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potentials in crab muscles in pure solutions of BaCl, and SrCl, and at the same time 
whether they are generated in the fibres in KCI solutions (as has been detected in single 
nodes of Ranvier after restoring the membrane potential by an electric current [6]); 
(2) confirm whether generation is possible in pure solution of KCl with traces of Ca 
removed, for example, by means of washing the fibres with citrate solution; (3) attempt 
to obtain generation in solutions of BaCl, and SrCl, for myelinated and non-myeli- 
nated nerve fibres and in muscle fibres of vertebrates; and (4) verify by means of la- 
belled sodium atoms whether the permeability of the surface layer to Na in the muscles 
of crustaceans increases on excitation, i.e. whether the increase in permeability to Na 
is a secondary phenomenon accompanying excitation of the protoplasm as was assumed 
by Nasonov [9]. 

The present paper describes the results of experiments on the muscle fibres of the 
Black Sea crabs Oarcinus maenas. 


METHODS 


The fibres of the extensor muscle of the walking leg of the crab with a diameter 
of 100-600 u and a length of 5-10 mm were used. The large dimensions of the fibres 
enabled us to insert two separate microelectrodes without appreciable damage. One 
of the electrodes, with a tip diameter from 1-0-1 mu, served to record the potential; 
the current was supplied through the other electrode, diameter from 1-10 4. The micro- 
electrodes were drawn from 1 mm diameter pyrex glass capillaries in the automatic 
apparatus designed by A.L. Byzov. The microelectrodes above the sharp tip had 
a very flexible thin part with a diameter of less than 100 wu and a length of 5-10 mm. 
As a result, the tip of the microelectrode could move together with the contracting 
muscle fibre without itself breaking or damaging the fibre. The membrane potential 
and the current were measured by means of a cathode follower and a ENO-1 oscil- 
loscope. The microelectrodes were filled with a solution of 3 M KCl. 

The salinity of the water of the Black Sea (18 per cent) is almost half that in the ocean 
(35 per cent). The salt composition of the intracellular fluid of the Black Sea crab 
is not known. In our experiments we immersed the muscle fibres in various salt so- 
lutions the composition of which is shown in Table 1. Solution 1 corresponded accord- 
ing to information in [2] to the composition of the intracellular fluid of the ocean 
crab; solution 2 to the composition of the water of the Black Sea; and solution 3 ac- 
cording to our preliminary data was similar in total salt concentration to the haemo- 
lymph of the Black Sea crab. The muscle fibres investigated were kept in these solu- 
tions from | min to 10 hr then the resting and action potentials were measured. Re- 
placement of one solution by another was made by repeat washing with the fresh 
solution. The flexible microelectrodes enabled us to make for one and the same fibre 
as many as five changes of solution and so to record several hundred action potentials. 
The experiments were carried out in July-August in the Sevastopol Biological Station 
of the U.S.S.R. Academy of Sciences. The crabs were kept in aquaria with running 
sea water for a period of up to 2 months. The work was done at room temperature 
(20-25°). 
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TABLE 1. COMPOSITION OF SOLUTIONS USED (mM_/1.) 
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RESULTS OF EXPERIMENTS 

4. Electrical characteristics of muscle fibres in solution containing a “normal” amount 
of sodium 

The measured and calculated electrical properties of crab muscle fibres in different 
solutions are shown in Table 2. In solutions | and 3 containing roughly a “normal 
amount” of Na, the resting potential measured by an electrode with a tip diameter 
of 0-5 uw varied from 70-80 mV in the undamaged fibres. On reducing the concentration 
of potassium in the ambient solution the resting potential rose to 95 mV. After returning 


TABLE 2. ELECTRICAL CHARACTERISTICS OF CRAB MUSCLE FIBRES IN VARIOUS SOLUTIONS 
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the fibre to the solution with a normal amount of potassium the resting potential 
did not fall back to the original level but remained somewhat above (by 3-5 mV). 
After repeated replacement of the “normal” solution by a non-potassium one, this 
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increment decreased and the limit of the resting potential in the “normal” solution 
approximated to 80-90 mV. In this state it showed very weak dependence on potassium 
concentrations varying from 0-10 mM. However, with a further increase in the 
concentration of potassium it fell sharply to zero at approximately isotonic concen- 
tration. 

The resistance of the membrane strongly depended on the concentration of po- 
tassium and the membrane potential. In the “normal” state it varied between 
100-300 (2 x cm?, on lowering the concentration of potassium to zero it rose to 400- 
600 (x cm?, at isotonic concentration it fell by about 10 times and in these conditions 
could not be accurately measured. 

The capacitance of the crab muscle membrane is very high, 30-40 wF/cm*. On 
depolarization of the membrane by 20-30 mV a spreading action potential (Fig. 1(a)) 
accompanied by weak contraction of the fibre was observed in most of the fibres. 


mV 








20 msec 
ed 


Fic. 1. Action potentials of crab muscle in crab Ringer’s solution: a, typical action 
rOtential in Ringer’s solution; b and c, rhythmic activity of fibres in Ringer’s so- 
lution at different levels of depolarization. 


The amplitude of the action potential was usually less than that of the resting potential 
and never exceeded it by more than 5 mV. If depolarization of the fibre was main- 
tained by passing a depolarizing current for several seconds, then rhythmical activity 
of the fibre was observed (Fig. 1(b)). The frequency of the rhythmical activity rose 
with increase in the level of depolarization. At a very high frequency a characteristic 
change in the shape of each second pulse was seen (Fig. 1(c)). 
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B. Generation of prolonged action potential in solutions containing pure BaCl, and SrCl, 


Replacement of the crab Ringer’s solution by an isotonic solution of BaCl, or 
SrCl, did not lead to a considerable change in the resting potential. Usually, it rose 
somewhat which was apparently associated with the lowering of the potassium con- 
centration of the external solution from 12-9 mM to zero. This replacement had a quite 
different effect on the action potential. All its characteristics noticeably changed. 
There was a marked increase in amplitude (to 120 mV in SrCl, and to 160 mV in BaCl,) 
and duration (up to 100 msec in SrCl, and several seconds in BaCl,). A very large 
potential of opposite sign appeared (70-90 mV). Detailed electrical characteristics 
»f the prolonged action potentials for different solutions are also shown in Table 2 
All the changes in action potential set in immediately (less than 1 min) after replace- 
ment of solution and were reversible. Simultaneous with an increase in the amplitude 
and duration of the action potential there was a considerable increase in amplitude 

the contraction of the fibre. In BaCl,, the contractions were so strong that after 


several the fibre was damaged and torn asunder. 





Time calibration 2 msec 


\\\\ 1 \\\\ | 1 || 
ANUAUTUANIN 


SS 
100 msec 
Fic. 2. Action potentials of crab muscle in solution of SrCl,: a, b and c, p.a.p. in 
solution of SrCl, at different levels of depolarization; d and e, rhythmic activity 
of fibre in SrCl, solution. 
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The photographs of the prolonged action potential in SrCl, for different levels 
of depolarization and different fibres are given in Fig. 2(a), (b) and (c). Fig. 2(d) and 
(e) show the pattern of rhythmical activity of the fibre in SrCl, on constant depola- 
rization by a depolarizing current. It is interesting to note the regular decrease in the 
duration and the change in shape of the subsequent spikes as compared with the first 
ones (Fig. 2(e)). Fig. 3(a) shows the prolonged action potential in a solution of BaCl,. 
After slight depolarization there was a sharp inversion of the membrane potential 
for a long time (Fig. 3 (b)). Fig 3(c) shows a case in which because of contraction 
of the fibre during the prolonged action potential, the electrode was jerked out of the 
fibre and its potential dropped sharply to zero. Fig. 3(d) shows, for BaCl,, another 
case of artifact due to movement superimposed on the prolonged action potential 
(in other solutions a movement artifact did not occur since contraction was not so 
strong). 





$! 
b Time calibration 
200 msec 








75° 
d a 
0.5 sec 1 sec 


Fic. 3. Action potentials of crab muscle in solutions of BaCl,: a and b, typical p.a.p. 
in solution of BaCl,; c, during p.a.p. microelectrode was jerked out and potential 
fell to zero; d, p.a.p. with movement artifact due to contraction of fibre. 


Although the resistance of the surface layer sharply dropped during the prolonged 
action potential it seems to us that the generation of these potentials cannot be ex- 
plained merely by increase in the permeability of the membrane to strontium and 
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barium. Such a modification of the sodium theory is inadequate since Sr and Ba, as 
with Ca [10], are to be found within the fibre in the bound state. Thus, in the generation 
ofa prolonged action potential in solutions of SrCl, and BaCl, an essential réle is played 
by the chemical reactions of the protoplasm with Sr and Ba and not merely by the 
ionic gradient. In “normal solutions” generation of the action potential is apparently 
associated with Ca ions in the absence of which it cannot be obtained. 


Properties of muscle fibres in isotonic solutions of KCl on restoration of the resting 


ential by an ele tric current 


With a sharp increase in the concentration of KCI in the ambient solution the 
resting potential rapidly fell and a series of action potentials developed in the same 
way aS on increasing depolarization with a current (Fig. 4). The difference was that 


n depolarization with KCI there was a rapid fall in the resistance of the surface layer 





200 msec 


Fic. 4. Action potentials of crab muscle after depolarization with KCI solution. 


which was apparently associated with a reduced amplitude of the action potential 
and termination of its generation. On restoration of the surface polarization of the 
fibre by an electric current the resistance of the membrane at first did not change 
but then increased abruptly becoming about one-third to one half of the initial resist- 
ance. With a further increase in the polarization current the resistance remained virtu- 


ally unchanged. Fibres in isotonic KCI solution plus a normal amount of CaCl, or 
SrCl,, and also those washed once in KCI with traces of Ca or Sr, were capable of 


generating action potentials after restoration of the resting potential by a current. 
In order to obtain their generation it was sufficient to reduce rapidly the polarizing 
current to a subcritical level (Fig. 5). With a large reduction in current as in the normal 
solutions and in solutions of KCI plus traces of CaCl, (Fig. 5(a)) and KCl plus traces 
of SrCl, (Fig. 5(b)) rhythmical activity was observed. After lengthy washing of the 
fibres in KCl it was not possible to restore the resting potential or to obtain an action 
potential since the resistance of the membrane was much lower than that of the electrode 
and the fluid at the tip of the electrode started to boil until the requisite value was 


reached. 
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100 
— 
20 msec 


Fic. 5. Action potentials of crab muscle in KCI solution after restoration of poten- 
tial in membrane by a current: a, activity in solution of KCI + traces of CaCl,; 
b, activity in solution of KCI + traces of SrCl,. 


SUMMARY 


(1) By means of two flexible intracellular microelectrodes, the electrical properties 
of the crab muscle fibres have been investigated. 

(2) The resting potential for a low concentration of K (0-10 mM) was virtually 
independent of the concentration of K ions and consequently was not a potassium 


potential. 

(3) The crab muscle fibres generate action potentials in a medium not containing 
Na. In pure solutions of SrCl, and BaCl, the amplitude of these potentials reached 
150 mV; the duration in SrCl, was up to 200 msec and in BaCl, several seconds. With 
constant depolarization below the critical level rhythmical activity was observed in 
these media. 

(4) After restoration of the resting potential by an electric current the fibres im- 
mersed in KCI solution with traces of Ca or Sr were capable of generating an action 
potential and sequences of them. 

(5) The mechanism of generation of action potentials by the crab muscle fibres 
and also apparently by other nerve and muscle elements in sodium free solutions 
cannot be described within the framework of the “sodium” membrane theory. 

In conclusion, we consider it our agreeable duty to express deep gratitude to I. N. 
Verkhovskaya for valuable advice and guidance and also the administrators of the 
Sevastopol Biological Station, U.S.S.R. Academy of Sciences who made available 
to us the working sites and equipment and displayed great interest in our work. 
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ELECTROTONUS IN SMOOTH MUSCLE* 


M. F. SHUBA 
Bogomol’ts Institute of Physiology, Ukr. S.S.R. Academy of Sciences, Kiev 


(Received 13 December 1959) 


UNLIKE striated muscles, in smooth muscles it is not possible to isolate the individual 
motor units since the majority of muscle cells do not have motor nerve endings. Hence, 
the problem arises as to how excitation develops in non-innervated muscle cells and 
how this excitation is transmitted from one muscle cell to another. The findings in 
the literature show that the conflicting explanations of this problem are to a large 
extent attributable to the absence of reliable information on the nature of the mor- 


phological link between the individual smooth muscle cells. Some investigators [1-6] 


consider that as in the heart muscle, the smooth muscle cells are joined together by 
a syncitium whereas others [7-9], on the other hand, postulate the presence only of 
a contact link between the individual muscle cells. 

Brune and Kotowsky [11] in seeking to reconcile these two opposed points of 
view advance the hypothesis that between the individual smooth muscle cells there 
is only a so-called functional syncitial link and that transmission of excitation from 
one muscle cell to another is mediated by acetylcholine. 

It seems to us that investigation of the origin and spread of electrotonus in smooth 
muscle might help to clarify the morphological link between individual muscle cells, 
for it is known that the spread of physical electrotonus is possible only if there is a con- 
tinuous undamaged semipermeable membrane along the assumed pathway of its 
spread. Bearing in mind this property of physical electrotonus we investigated its origin 


and spread in the circular smooth muscle of the frog stomach. 


* Biofizika 6: No. 1, 52-60, 1961. 
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We would note that kwe now only of the work of Fletcher [12] on electrotonus 
in smooth muscle of the posterior retractor of Mytilus edulis. But in this muscle, the 
muscle fibres are the same Jength as the muscle itself and therefore, the result of these 
experiments can hardly help in clarifying the problem under discussion. Moreover, 
Fletcher first treated the muscle with a solution of MgCl, which could not fail to in- 
fluence the origin and development of electrotonus. 


METHODS 


The object of our investigation were the circular muscles of the frog stomach. 
For this purpose the stomach was cut out of the animal, cut along the lesser curvature 
and its mucosa carefully removed. After this, a strip from roughly the central part 
was excised in the direction of the circular muscles. The length of the excised muscle 
strip when relaxed was 3-4 cm and width 0-4—0-5 cm. Before the start of the experiment 
the muscle strip was kept in Ringer solution of the following composition: NaCl 6-47 g; 
KCI 0-186 g; CaCl, 0-12 g; NaHCO, 0-2 g per litre distilled water. The experiment 
was begun 1-5-2 hr after preparing the specimen and the muscle strip was kept in a 
humid chamber at room temperature (19-20°). Polarizing current was obtained from 
an accumulator battery through a potentiometer (Fig. 1) and switched on by hand. 
The polarizing and recording electrodes were silver non-polarizable ones (Ag—AgCl). 
These electrodes were inserted in glass cannula filled with Ringer’s solution. The lower 
aperture of the canulae was closed by cottonwool wicks. The electrodes were connected 
to the muscle through these wicks and the Ringer’s solution in the canula. Sometimes 
the polarizing current was passed through the muscle by means of clay electrodes 
(Zn—ZnSO,— clay). The arrangement of the polarizing and recording electrodes is 
shown in Fig. 1(A). The distance between the polarizing electrodes was 5-7 mm and 
the distance between the near polarizing and distal recording electrodes varied with 
the length of the muscle strip but in all cases was not less than 2 cm. The proximal 
recording electrode was attached to the muscle between the near polarizing and dis- 
tal recording electrodes at different points on the muscle depending on the purpose 
of the experiment. 

The electrotonic potentials were led off through a d.c. amplifier with symmetrical 
input to a cathode ray oscilloscope and photographed on cinefilm or photographic 
paper. 

RESULTS OF INVESTIGATION 


A. Physical catelectrotonus 

As the oscilloscope traces (Fig. 1 (B,a)) show, switching on the polarizing current 
was accompanied first by a rapid rise then by a slow rise in the negative potential. 
The time constant of the ascending slow part of the catelectrotonic potential (c.e.p.) 
was 0:07 sec, whereas the rise time of the entire part was 0-35 sec. At the end of the 
ascending slow part a small spike was formed, after which the potential persisted at 
a fairly constant level. On switching off the polarizing current the electrotonus at 
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first disappeared rapidly and then more slowly; at the end a small and short-lived 
positive oscillation developed. 

The shape and the value of the c.e.p. just described was not constant and depended 
on many factors, for example, the state of the muscle, the strength of the polarizing 


current. etc. We shall consider some of these factors. 


A 





b 
Fic. |. A, arrangement of recording and polarizing electrodes on muscle; B, c.e.p. (a) and a.e.p. (a’). 
Current 40 uA; distance between near polarizing and proximal recording electrodes 0-2 mm (in these 
and subsequent oscilloscope traces upward deflection of beam denotes c.e.p., downwards a.e.p.); 
C, change in electrotonic potential on prolonged stay of muscle in Ringer's solution: a, a’, for 30 min; 
b, b’ for 4 hr. Polarizing current 38 “A; distance between near polarizing and proximal recording 
electrodes 1 mm. 


Thus, for example, if after preparing the muscle it stayed in Ringer’s solution 
for 30 min, the c.e.p. was about 0-5 mV (Fig. 1 (C, a)), but the longer the muscle was 


kept in Ringer's solution the more the c.e.p. gradually increased and by the 4th hr 
it had almost quadrupled (Fig. 1 (C, b)) as compared with the start of the experiment 
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Fic. 2. Value of electrotonic potential (ordinate) as a function of strength of polariz- 


ing current (abscissa). 1, slow part; 2, fast part of electrotonic potential. 
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(Fig. 1 (C,a). By this time, as we see, there also appeared a brief small spike at the end 
of the slow ascending part of the c.e.p. 

From the experimental results graphically depicted in Fig. 2 we see an almost 
linear relationship between intensification of the polarizing current and the increase 
in c.e.p. It should be noted that for larger currents this relationship became more 
complex and the associated increase in c.e.p. did not correspond to the intensification 
of current. It was found that the shape of the c.e.p. also depends on the strength of 


the polarizing current. 


25 


Fic. 3. Relation between shape and size of electrotonic potential and strength of polarizing current. 
Current noted under each trace; distance between proximal recording and near polarizing electrode 
0-2 mm. 


Thus, it is clear from the oscilloscope traces in Fig. 3 that the short-lived spike 
described above and the positive oscillation at the end of the ascending and descending 
slow parts of the c.e.p. developed only with a current of 30 wA or higher. The time 
constant of the ascending slow part for different strengths of current showed almost 
no change. 

In Fig. 4 we give a graphic representation of the relation between the value of the 
c.e.p. and the distance between the near polarizing and proximal recording electrodes. 














Fic. 4. Electrotonic potentials as a function of distance between proximal recording 
and near polarizing electrodes. Significance as in Fig. 2. 
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We see from this graph that as the distance from the polarizing electrodes increased 
the c.e.p. decreased exponentially. It was found that for fairly large polarizing current 
the catelectrotonic changes were detected even at a distance of up to 15-17 mm from 
the polarizing electrodes. 

The oscilloscope traces in Fig. 5 show that the greater the distance from the polar- 
izing electrodes the slower the rise in the ascending slow part of the c.e.p. Thus, its 
time constant at a distance of 10 mm from the polarizing electrodes increased more 
that 10 times (to 0-8 sec) as compared with the time constant at a distance of 0-3 mm. 


B. Anelectrotonus 

The curves and oscilloscope traces of the anelectrotonic potential (a.e.p.), dis- 
cussed below, were obtained in the same experiments and conditions as the correspond- 
ing curves and graphs for the c.e.p. already considered. 

As Fig. | (B, a’) shows, the a.e.p. also consisted of rapid and slow parts. The rise in 
the ascending slow part was slowed down the more it increased. Thus, its time con- 
stant was much less (0-12 sec) than the rise time of the remaining part (1-6 sec). At 
the end of the ascending slow part a small quite positive rise was formed after which 
the potential gradually settled at a definite level. 

After switching off the polarizing current the a.e.p. also disappeared, at first rapidly, 
then more slowly. At the end of the descending slow part there appeared a minor 
and short-lived negative oscillation. Hence, we see that the shape and magnitude of 
the slow part of a.e.p. differs fundamentally from those of the c.e.p., whereas their 
rapid parts were of the same size. These differences in the electrotonic potentials were, 
as we shall see below, also maintained under the influence of certain external factors. 


Thus, for keeping the muscle in Ringer’s solution, in the first minutes the fast and slow 


part of the a.e.p. were almost equal in magnitude (Fig. 1 (C, a’)). 

At the end of the descending slow part a very small negative oscillation formed. 
But the longer the muscle was kept in Ringer’s solution, the more the a.e.p. grad- 
ually increased and by the fourth hour it was almost 4 times greater (Fig. 1 
(C, b’)) than after only 30 min (Fig. 1 (C, a’)). This increase in a.e.p. was, as we shall 
see, mainly the result of increase in its slow part, the shape of which by this time 
had also considerably changed. Thus, at the end of the ascending slow part of the 
a.e.p. a distinct rise was seen after which the potential gradually settled down at 
a definite level. The short-lived negative oscillation occurring at the end of the 
descending slow part increased about 5-6 times. 

From Fig. 2 we see that on increasing the polarizing current the a.e.p. increased 
with the same shape of curve as the c.e.p., but unlike the latter, the fast and slow parts 
increased uniformly. 

We see from the oscilloscope traces in Fig. 3 that for a polarizing current of 2:5 uA 
the shape and size of the a.e.p. scarcely differed from those for the c.e.p. As the polar- 
izing current was increased the size and time constant of the ascending slow part of 
the a.e.p. increased to a greater degree than those for the ascending slow part of the 
c.e.p. At the end of the ascending slow part of the a.e.p. the above-mentioned small 
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rise was increasingly prominent and at a current of 60 uA became quite marked. It 
is also clear from the oscilloscope traces that for a large current (60 uA) the rise time 
of the ascending slow part was less than for 20-30 wA. 


Fig. 4 graphically represents the decrease in the a.e.p. as the distance from the polar- 
izing electrode was increased. We see that the reduction in a.e.p. occurred according 
to the same exponential curve as the reduction in the c.e.p. The greater the distance 


Fic. 5. Shape and size of electrotonic potentials at various distances from polarizing 
electrodes. Distance noted under each electrogram. Polarizing current 60 wA. 


from the polarizing electrodes, the slower the rise in the ascending slow part of the 
a.e.p. (Fig. 5). Its time constant at a distance of 10 mm from the polarizing electrodes 
increased by more than 6 times that at a distance of 0-3 mm (0:17 sec). 


DISCUSSION 


As in the nerves [13] the electrotonic potentials in smooth muscle consist of fast 
and slow parts. The experimental results examined above show that there is no def- 
inite interdependence between these parts. Therefore, it must be assumed that the 
origin of the fast and slow parts is based on two quite different mechanisms. We con- 
sider from our experiments that the fast part is due to purely physicochemical processes 
occurring in the fluid surrounding the muscle and not at the surface of the semiper- 
meable membrane. Support for such an assumption is afforded by the fact that this 
part of the electrotonic potential is readily obtained both in Ringer’s solution and 
in muscle previously treated with isotonic KCI solution, which, as is known, damages 
the surface semipermeable membrane. It thus seems to us that there is not a sufficient 
basis for considering the fast part of the electrotonic potential as an integral part of 
the electrotonus. 
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At the same time the slow part of the electrotonic potential is evidently intimately 
connected with physiological and physicochemical processes occurring at the surface 
of a semipermeable membrane. In relation to the nerve, Lorente de No [13] has shown 
for example, that the size and shape of the slow part depend essentially on the meta- 
bolic state of the nerve. He found that in the freshly prepared nerve this part of the 
electrotonus is very weakly expressed. But if such a nerve is exposed to a gas mixture 
(95 per cent O,+5 per cent CO,) or kept for a certain time in Ringer’s solution then 
the slow part rapidly increases. Lorente de N6 concludes from this that the increase 
in the slow part of the electrotonic potential in the nerve in relation to the time kept 
in Ringer’s solution is due to accumulation in it of CO, as the result of metabolism. 
Apparently this factor also explains the increase in the slow part of the electrotonic 
potential in smooth muscle in relation to the length of time in Ringer’s solution. 

For a very weak polarizing current the c.e.p. and the a.e.p. scarcely differ from each 
other either in shape or size but if the strength of current is quite high then the a.e.p., 
as a result of a considerable increase in its slow part, becomes much greater than the 
c.e.p. The time constant and also the time rise of the entire slow part are greater for 
the a.e.p. than the c.e.p. 

We would note here that, for example, according to our observations, the c.e.p. 
in frog striated muscle was greater than the a.e.p. but according to Coombs ef al. 
[14] in cat motor neurones the size of the potentials are equal. This means that the 
rectifying properties of the semipermeable cell membrane in relation to the anode 
and cathode of an electric current are not identical for different excitable tissues. 

The small spike at the end of the ascending slow part of the c.e.p. appears as we saw, 
only for a fairly large, but sub-threshold, polarizing current. All the properties of this 
spike suggest that it is a local non-spreading potential. In fact, had this potential 
spread along the muscle fibres and reached the distal recording electrode, then we should 
have observed its second phase at this electrode. 

By the same reasoning the short-lived rise at the end of the ascending slow part 
of the a.e.p. and also small potentials appearing at the end of the descending slow 
part are also local non-spreading potentials. 

In experiments on frog nerve, Lorente de No [13] showed that the greatest changes 
in excitability are observed at the moment of appearance of local potentials in the 
slow part of the electrotonic potentials. Apparently, the same changes in excitability 
also appear in smooth muscle during the development in it of electrotonic potentials. 

Finally, a very important fact in explaining the inter-relation between the indivi- 
dual smooth muscle cells is the spread of electrotonic potentials detected in our ex- 
periments to quite a large distance from the polarizing electrodes. 


In point of fact would the potential spread over a large distance if along the path- 
way of its spread the permeability of the membrane at any point increased so much 
that all the ions present within and outside the fibres freely passed through it? If such 
a zone were located at a certain distance from the polarizing electrode, then the fol- 
lowing phenomenon might appear. Under the polarizing electrodes and as far as the 
changed zone of the membrane the polarization would be normal. As soon as the 
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corresponding polarization e.m.f. was formed in these zones, the current would start 
to increase through the altered zone of the membrane. But since in this zone there is 
free movement of ions then no polarization of the membrane will occur and therefore, 
at this point a polarization e.m.f. will not form. Accordingly, the resistance to the po- 
larizing current at this point will be minimal, as compared with that in neigbouring 
areas. Hence, almost all the polarizing current will pass through the altered zone and 
polarization of the membrane lower than this zone will be negligible or completely 
absent. We observed such a phenomenon in experiments in which a piece of cotton- 
wool moistened with isotonic KCI solution was applied to the muscle along the path 
of spread of the electrotonic potential. In this case, in the damaged part and lower, 
the slow part of the electrotonus completely disappeared, whereas above this zone, 
i.e. closer to the polarizing electrodes, the slow part was maintained. 


Spread of electrotonus was also absent in cases in which between the near polar- 
izing and proximal recording electrode a transverse section of the muscle was made. 


We would also note that in models where there is no continuous morphological 
link between the cells (for example, a concentrated mass of erythrocytes) we again 
did not observe a slow part of the electrotonic potential either at a distance from the 
polarizing electrodes or quite close to them. 

All this, and the points examined above, suggest that the spread of electrotonus 
in smooth muscle over a quite long distance must be attributed to the presence of 
a certain continuous morphological link between muscle cells and the surface 
semipermeable membrane. 

The following important point also follows from the spread of electrotonus in smooth 
muscles. If a polarizing current of threshold or super-threshold strength is passed 
through the muscle, then at the end of the ascending slow part of the c.e.p. a spreading 
action current appears. Apparently, here the exciting effect of the electric current 
is achieved not by means of mediator substances, for example, acetylcholine, but 
directly by changing the surface potential of the semipermeable membrane. But the 
spreading action current has the same physical properties as an electric current. This 
means that the action current along the pathway of its spread must also cause catelec- 
trotonic changes in the membrane potential which apparently are sufficiently high 
for the development of an action current which in turn will induce in front of it the 
same changes in the membrane potential, etc. Hence, it must be assumed that the 
spread of the action current from one muscle fibre to the next is due to the presence 
between them of a certain continuous morphological link and can also occur electro- 
tonically. 

SUMMARY 

The rise in the electrotonic potentials of smooth muscle on passing direct current 
occur, as in the nerve, at first rapidly, then slowly. The fast part of the electrotonic 
potential apparently is unrelated to physiological processes occurring at the surface 
of the semipermeable membrane and therefore there is no need to consider it as an 


integral part of the electrotonus. 
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The rise time of the slow part of the electrotonic potential in smooth muscle is 
much greater than for the corresponding part in the nerve and striated muscle. The 
slow part in smooth muscle is intimately connected with physiological and physico- 
chemical processes in the semipermeable membrane and the increase in it the longer 
the muscle is kept in Ringer’s solution must be attributed to accumulation of CO,. 

With a weak polarizing current the shape and size of the c.e.p. and the a.e.p. scarce- 
ly differ. With an increase in current the a.e.p. becomes greater than the c.e.p. In 
these conditions the rise time of the slow part of the a.e.p. also becomes greater than 
that for the c.e.p. Up to a particular strength of current the electrotonic potentials 
rise in proportion to the current. 

The increased short-lived potentials at the end of the ascending and descending 
slow parts of the electrotonic potentials only appear for a quite large current and are 
local potentials. 

On increasing the distance from the polarizing electrodes the electrotonic potentials 
diminish exponentially. For a strong current (400 uA) the electrotonus spreads over 
a distance of up to 15-17 mm. 

The rise time of the slow part of the electrotonic potential to its final value is greater, 
the greater the distance from the polarizing electrodes. 

Damage to the muscle between the polarizing and recording electrodes prevents 
spread of electrotonus, 

The spread of electrotonus over a quite long distance from the site of its origin 
suggests the presence of a certain continuous morphological link between the muscle 
ll and the semipermeable membrane. 
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THE ability of man to perceive and analyse in a definite manner the effect of vibrations 
has aroused interest in the study of this phenomenon. Certain aspects of vibrational 
sensitivity have been studied in detail; the frequency limits of perception and the de- 
pendence of the thresholds of vibration perception in individual parts of the body 
on the frequency have been demonstrated and much information has been gained 
on the distribution of sensitivity to vibrations over the body surface [1-5]. Attempts 
are being made to apply the results of investigations of vibrational sensitivity to the 
clinical diagnosis of various diseases [5-8]. Furthermore, research is being conducted 
into the relation between vibrational and auditory sensitivity and the possibility is 
being discussed of devising a method of training deaf and dumb persons to make use 
of vibrational sensitivity [9, 10]. The results of investigating vibrational sensitivity 
of the organ of hearing by means of models are quoted in [11]; in these experiments, 
the skin of the human hand took up the vibrations produced in a model. 

In investigating the mechanism of analysing the pitch of a tone when hearing with 
the use of models, following Bekesy [11], we found it necessary to take measurements 
with reference to vibrational sensitivity. We thereupon detected certain patterns and 
quantitative characteristics of vibrational sensitivity which exert a fundamental in- 
fluence on its value. Since the above-mentioned workers and other investigators work- 
ing in this field have not considered the quantitative expression of these relationships 
we shall communicate them in the present article. 

The findings reported here refer to the thresholds of perception of vibration; method 


of measuring thresholds, factors influencing the value of the thresholds being measured, 


characteristic mean value of the thresholds and also the limits of their scatter. We shall 
consider these factors from the point of view of their methodological importance 
for the above-mentioned lines of research into vibrational sensitivity. 

The thresholds of vibrational sensitivity in our experiments were determined by 
contact of the skin of the inner surface of the forearm with a vibrating body (vibrator). 
The electrical vibrations from an audio-frequency generator were supplied to a me- 
chanical vibration generator (GMK-1) and converted into mechanical movements 
of the horizontal rod of the latter. To the rod of the mechanical vibration generator 
were attached various tips, the vibrations of which were transmitted to the skin of 


* Biofizika 6: No. 1, 61-67, 1961. 
[65] 





66 V. P. BABKIN ef al. 


the arm. The tips were sharp needles and glass plates of various dimensions. The arm 
was placed in a special apparatus in order to vary the degree of its pressure on the 
vibrator and to fix its position. This reduced the tension of the muscles and their 
fatigue; the subject when working with this apparatus was in a comfortable position 
which could be maintained by him for the time required for the measurements. 

Thresholds of perception of vibration were measured by the smooth increase in 
the amplitude from imperceptible to perceptible. The thresholds were measured alter- 
nately in two subjects. In each experiment, measurement of the threshold at the same 
frequency was made 5-6 times, then vibrations of the next frequency were delivered. 
In order to avoid fatiguing the subjects, after measurement at two frequencies they 
were replaced. 

A series of experiments was carried out to assess the distribution of sensitivity 
along the inner surface of the forearm which in our measurements was in contact 
with the various vibrators. In the literature there are references stating that the vibra- 
tional sensitivity of the arm increases in the distal direction, i.e. in the cubital fossa 
the vibration perception thresholds are lower than in the region of the upper arm 
and at the tip of the finger are lower than in the cubital fossa [l, 2]. To obtain more 
detailed information we measured the vibration perception thresholds along the length 
of the arm from the cubital fossa to the wrist every two centimetres. The results of 
the measurements showed that in none of the subjects was there a regular change in 
vibrational sensitivity along the inner surface of the forearm. Only haphazard fluctua- 
tions in thresholds were observed. 

All the measurements were made on students aged from 20 to 25 years who were 
first submitted to a medical examination by doctors (physicians, otolaryngologists 
and neuropathologists) and were passed as normal. 

The data reported are based on 5086 measurements made on 15 subjects. Each 
measurement represents the mean obtained by averaging 5—6 responses of the subject. 
The results of the measurements were treated statistically and for an accuracy fixed 
at 5 per cent gave 70-90 per cent reliability for the different frequencies. 

Our experiments showed that the values of the measured thresholds of vibrational 
sensitivity depend to a large degree on the speed with which the experimenter increases 
the amplitude of vibration from an imperceptible to a threshold value. Therefore, 
we made a series of measurements in order to study the character of this relationship. 

A valve voltmeter in the measuring channel was connected in parallel to a 
“NEIMAN” type high speed, level recorder. The rate of rise of the vibration ampli- 


tude depended on the rate of increase in the voltage at the terminals of the mechanical 


vibration generator which the experimenter was able to vary within wide limits. The 
vibration peercption thresholds were measured over a range from 0-01-3-5 w per sec. 
For each of the measurements the average rate of the rise in vibration amplitude was 
computed from the recorded tracings. The results are given in Fig. | in the form of 
curves expressing the relation between change in the value of the vibration sensitivity 
threshold and the change in the rate of increase in the vibration amplitude. The vibra- 
tion amplitude was measured in microns and the rate of change in microns per second. 
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As the figure shows, the character of this relation for different individuals was much 
the same. Low rates, down to 0-16 u/sec, corresponded to the steepest part of the cur- 
ves. Over this range even minor random changes in speed caused an appreciable change 
in threshold. The range from 0-16 to 0-30 w/sec was recognized by us as optimum. 
Here random changes had comparatively little effect on the threshold value. For 
higher speeds the curves became more sloping but the use of such high speeds was 
undesirable since they may give rise to delay in the signal from the subject and ex- 
aggerated threshold values will be recorded. Apparently, it is desirable when measuring 
the vibration sensitivity threshold to ensure that the speed of rise of the amplitude 
occurs within the limits indicated (0-16 to 0-30 ~/sec) in order to reduce the variations 
in the threshold values arising from the varying conditions of measurement. 
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Fic. 1. Threshold of vibrational sensitivity as a function of the rate of rise of amplitude of vibration 
(5 subjects: V., P., S., Sh. and D). Abscissa, rate of increase of amplitude of vibration, /sec; ordinates, 
amplitude of vibration corresponding to threshold of perception, yj. 


The value of the vibration perception threshold also depended on the distance 
the vibrator was lowered into the tissue of the body. Previous observations [5] have 
shown that such characteristics as the toughness of the stimulated tissue and its prox- 
imity to bone are of great importance for the sensitivity of any region of the body 
to applied vibrations. If the tissue is sufficiently tough or is in close contact with bone, 
then because of reduced damping the vibrations will spread in it more rapidly and over a 
greater distance. Such conditions arise when the tip of the vibrator presses with suf- 
ficient force against the skin. Apparently, an essential factor is that by pressing the tip 
of the vibrator hard we may stimulate the deeper lying subcutaneous tissues since 
the presence in them of vibration receptors is acknowledged by the majority of workers. 

We carried out a series of experiments in which in one case, before the start of the 
vibrations, the tip only touched the skin and in the other, was lowered into the tissue 
to varying depths. The results of these experiments enabled us to plot curves expressing 
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the relationship between the value of the vibration perception threshold and the degree 
of lowering the tip into the tissue before delivery of the vibrations. In these experiments 
the arm was placed on a support and leant against a rigidly fixed board with a 5 mm 
diameter hole drilled in it. The tip of the vibrator, screwed to the rod of the mechanical 
vibration generator, touched the arm through this hole. Because of the screw thread 
the position of the end of the tip with respect to the surface of the skin of the arm 
could be established. In the case of mere contact of tip and skin, the depth was taken 
as zero but by turning the tip by 1 or more or part of a revolution the given depth could 
be established. Each turn of the tip corresponded to a lowering into the arm by 1-4 
mm. In the set position the tip was fixed by a locknut. The horizontal axis in Fig. 2 
gives the depth in millimetres of the tip in the skin before the start of delivery of the 
vibrations and the vertical axis the ratio of the threshold at the given depth of the 
tip to that at zero depth. As these graphs show, lowering the vibrator tip with respect 
to the surface of the skin reduced the vibration perception threshold. Lowering 0-3- 
0-4 mm gave a relative decrease in threshold of 0-1 of its value measured at zero depth. 
[hese observations indicate the need when measuring vibration perception thresholds 


to ensure equal initial depth in order to obtain comparable results. 
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Fic. 2. Variation of thresholds of vibration perception with depth of tip of vibrator. 1, 2 and 3, results 


of measurements at different points of forearm; abscissa, depth of tip relative to skin surface, mm; 


rdinates, relative value of vibration perception threshold. Threshold at zero depth taken as unity. 

In measuring the vibration sensation thresholds we noticed that their value varied 
for vibrator tips of different sizes. Therefore, a set of measurements was taken in order 
to establish the relation between the threshold of vibration sensitivity and the size 
of the surface of the skin in contact with the vibrator tip. In these experiments we used 
as tips sharp needles and glass plates 2, 80 and 130 mm in length and 4 mm wide. The 
centre of each tip was brought to the same area of the arm. The results of the measure- 
ments are shown in Fig. 3. The figure shows that with an increase in the stimulated 
area of the arm the threshold diminished. In the subsequent group of experiments 
the same relationship was investigated using different vibration frequencies. The results 
of these experiments are given in Fig. 4, curves | and 2 where we see that the thresh- 
olds diminished with an increase in the area stimulated for each frequency employed. 

This figure also indicates that in the forearm the frequency dependence of the thresh- 
olds is more marked in the case of stimulation of a small area of the skin (curve 1) 
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than on stimulation of a large area (curve 2). At a frequency of 50 c/s the difference 
in the threshold values measured by these two methods was high; with a rise in the 
frequency it gradually fell and at the frequency of 200 c/s both curves were parallel 
and their parallel course was maintained up to a frequency of 600 c/s. Curve 3 in the 
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Fic. 3. Vibration perception threshold as a function of the size of the stimulated surface of the forearm 


at a frequency of 200 c/s. Abscissa, length of surface of vibrator in contact with skin (width constants 
at 4 mm); ordinates, amplitudes of vibrations corresponding to threshold of perception. 


same figure is taken from Knudsen [3] who measured thresholds of vibration sensitiv- 
ity in the finger tip, the area of contact of the vibrator and finger in his experiments 
being very similar to that in our experiments with a small vibrator tip. The figure 
shows that Knudsen’s curve is very similar to ours obtained on work with a large 
vibrator. In curve 3 the threshold at low frequencies hardly exceeds those at higher 
ones. 

Comparison of these three curves suggests that the difference in the character 
of the frequency dependence in the cases considered is associated with stimulation 
of a different number of receptor endings. The least number of receptor endings must 
be stimulated when a small vibrator touches the forearm (curve 1). Application to the 
forearm of a large vibrator (curve 2) ensures stimulation of a large number of receptors. 


Apparently, roughly the same number of receptors can be stimulated when a small 
vibrator is applied to the tip of the finger (curve 3). We can judge the latter point from 


our measurements giving similar threshold values on stimulation of a large area of 
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Fic. 4. Frequency dependence of vibration perception thresholds with use of vibrator tips of different 

size. Abscissa, frequency of vibrations, c/s; ordinates, amplitudes of vibrations corresponding to thresh- 

old of their perception. 1, results of measurements with tip measuring 4x4 mm; tip 4130 mm; 
3, findings of Knudsen [3] (see text). 
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the forearm and a small area on the tip of the finger. The relation between the course 
of the curve and the number of receptors stimulated (Fig. 4) shows that when their 
number is small the thresholds at low frequencies sharply exceed those at higher fre- 
quencies. On stimulation of a large number of receptors the difference in threshold 
values at low and higher frequencies levels out. Such a picture could be expected if 
it is imagined that vibrations of low frequency excite a relatively minor number of 
receptors. Then, increase in their number in the region of contact with the vibrator 
increases the probability of inclusion in the zone of contact of receptors capable of 
being excited by these frequencies. 

Thus, the dependence of the threshold value on the size of the stimulated surface 
is complicated by dependence on the vibration frequency and on the concentration 
of receptor endings. 

This makes clear the importance of allowing for these factors in carrying out in- 
vestigations and the need to indicate the relevant methodological data in communicat- 
ing the results. It should be noted that the method used offers great possibilities 
for studying the problems of treatment by the nervous system of information received 
from peripheral receptor endings. 

To establish the vibrational sensitivity it is important to define the limits of the 
differences between the thresholds for different individuals. The results of our measure- 
ments are given in Fig. 5 in which each dot is the result of averaging many measure- 
ments for the same individual at a given frequency. The open circles represent 
the average results of measurement for all subjects. The scatter of the dots for a given 
frequency characterizes the individual variations in threshold and the extreme dots 
joined together show the limits of change in threshold for the persons examined by us. 
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Fic. 5. Vibration perception thresholds for 8 subjects over frequency range 80-150 
c/s. Abscissa, frequency, c/s; ordinates, amplitudes of vibrations corresponding 
to threshold of perception. 


We made a more detailed examination of the quantitative limits within which 
the thresholds of vibration perception varied for the same individual during the ex- 
periment. The scatter of the thresholds in our experiments was demonstrated as fol- 
lows; we pointed out in describing the technique of the experiment that measurement 
of the threshold for each frequency was continued until 5-6 responses were obtained. 
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To determine the scatter on each occasion from these 5—6 measurements the lowest 
and highest thresholds were found and their range, expressed in decibels, determined. 
The indices of the scatter of the thresholds for all frequencies in all the subjects thus 
obtained were then systematized. A full idea of the distribution of the quantitative 
values of the scatter is given by Fig. 6. For example, in this figure we see that while 
for measurement of the threshold by means of the small tip of the vibrator (curve 1) 
at a frequency of 50 c/s the scatter of the threshold was 1-4 dB in 90 per cent of the 
experiments, at a frequency of 140 c/s such scatter was observed in 95 per cent of 
the experiments. On measurement of the thresholds by means of the large vibrator 
(curve 4) at a frequency of 80 c/s the threshold scatter was 1-4 dB in 70 per cent and 
at a frequency of 150 c/s in 80 per cent of the experiments. It was thus found that 
in 80-100 per cent of the cases the scatter of threshold on measurement with a vibrator 
tip measuring 4 x 130 mm fell within the limits of 1-5 dB, on measurement with a tip 
of 44 mm in 85-100 per cent of the experiments it was within the limits of 1-4 dB. 
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Fic. 6. Scatter of vibration perception thresholds. A, results with vibrator tip measuring 4 x4 mm. 
B, same for tip of 4130 mm. Abscissa, frequency, c/s; ordinates, percentage of experiments with 
scatter not exceeding values serving as parameters of the curves. 


It is clear from these results that the thresholds of vibrational sensitivity in the 
various subjects were of similar magnitude. It is, therefore, justifiable to average the 
results of the measurements of vibrational sensitivity obtained in suitable conditions 
for the different individuals. 

The results of the work given in the present article invite a number of conclusions 
which must be borne in mind in work on vibrational sensitivity. 

(1) The value of the vibration perception threshold is subject to great variation 
depending on the conditions of measurement. 

(2) There is a definite relation between the rate of increase in the vibration ampli- 
tude and the threshold of its perception. When the rates are too small or too large 
the errors of measurement increase. The optimum is of the order of 0-15-0-30 y/sec. 

(3) The thresholds of vibration sensation regularly diminish with an increase in 
the initial depth of the vibrator tip in the skin. The greatest fall in the thresholds was 
noted when the tip was only lowered a little (to 1 mm). On further lowering the fall 
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in the threshold occurred to a lesser degree. On measurement of vibrational sensitiv- 
ity it is important to ensure equal initial lowering of the vibrator tip. 

(4) There is a close relationship between the size of the surface stimulated and the 
measured thresholds of vibration perception. Increase in the stimulated area leads 
to a decrease in the threshold. Apparently, the relation is essentially determined by 


the larger or smaller number of nerve elements excited. 
(5) The scatter in the thresholds of vibration perception for each subject in 80—100 
per cent of experiments fell within the limits 1-4 or from 1-5 dB depending on the 


conditions of measurements. 
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IN 1934, Adrian and Matthews [1] were the first to detect the ability of the human 
brain to take over the rhythms of light flickers in a frequency range from 7 to 25 c/s. 
They noted that the size of these rhythms and the frequency range are dependent on 
the intensity of the light flickers. At low intensities the rhythms assimilated have a 


smaller amplitude or are absent altogether. 


* Biofizika 6: No. 1, 68-76, 1961. 
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Since then much work has been done on changes in the electroencephalogram 
(e.e.g.) under the influence of flickering light. While noting the effect of the intensity 
of light stimulus on the size of the rhythms assimilated, different workers have es- 
tablished different upper limits of the assimilated frequencies. Some have observed 
reproduction in the e.e.g. of frequencies up to 18-19 c/s [2]; others consider that the 
upper limit of assimilation of rhythms in different subjects may vary from 20-46 c/s 
[3-5]. There are isolated papers showing that the human brain is capable of repro- 
ducing higher rhythms of light flickers up to 60-70 c/s [6-8]. 

Such marked differences in defining the upper limit of assimilated rhythms arise, 
in our view, not only from the individual peculiarities of the subject but also from 
the different conditions in which the experiments were made and the mode of analysing 
the encephalograms. 

The purpose of the present work was to investigate the effect of intensity and am- 
plitude of rhythmic light on the value of the rhythms taken over by the human brain 
over a wide frequency range (by assimilation of rhythm we understand the increase 
in the background amplitude of a given frequency of the e.e.g. potentials under the 
influence of light flickering at the same frequency). 

For preciese definition of the amplitude not only of the low but also of the high 
frequency e.e.g. potentials, the harmonic analyser of Grey Walter was used in which 
some of the filters were tuned by us to separate out oscillations with frequencies of 
up to 480 c/s from the e.e.g. A description of this modification is given in article [9]. 

A mechanical photostimulator ensured a practically rectangular shape of the light 
stimulus and its invariability for any intensity of flickers. The ratio of the duration 
of light to dark for the flickers was 1:1. The rhythmic light, in the form of a circle 74 
cm in diameter, fell on a white screen 50 cm away from the subject’s eye. Light stimul- 
ation was given for 50 sec after which the subject rested for a few minutes. The fre- 
quencies of light flickers used were 5, 10, 20, 40, 60, 72, 80, 96, 120 and 160 c/s, each 
being delivered to the subject with a luminosity on the pupil of 50, 10, 2, 0-4 and 0-08 Ix. 
The subject was in a semi-supine position in a darkened room. In all the experiments 
the e.e.g. was recorded from one of the occipital regions of the brain with unipolar 
recording. The 90 normal subjects taking part in the experiment were aged from 18 
to 30 years. 

The experimental results were based solely on the data of the analyser averaged 
over 50 sec; the e.e.g. served as indicator of the absence of artifacts distorting the 
frequency spectrum. Fig. | gives a fragment of the record of one of the experiments 
showing the background frequency spectrum of the e.e.g. in the dark (A) and its change 
on assimilation of a rhythm of 120 c/s (B). From such records we computed the ratio 
of the amplitude of the e.e.g. oscillations exposure to light to their background ampli- 
tudes, taking the value of the latter as unity. This made it possible to judge the change 
in the frequency spectrum of the e.e.g. due to rhythmic light of a particular intensity. 


The relation between the brightness of the flickering light and the amplitudes of 


the assimilated rhythms is shown in Fig. 2 in the form of typical sets of curves. In all 
the subjects at a low intensity of flicker (0-4 Ix on the pupil) the amplitudes of the 
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assimilated rhythms were relatively low but with increase in the luminosity level to 
2-10 Ix rose sharply. With a further rise in luminosity to 50 Ix in the great majority 
of subjects there was a further rise in the amplitudes for all frequencies apart from 

















N, 


Fic. 1. Fragment of the record of one of the experiments. 1, e.e.g. of occ‘pital region; 2, frequency 

spectrum of e.e.g. separated by analyser. Height of individual peaks reflects amplitudes of 24 indi- 

vidual e.e.g. frequencies averaged over 50 sec. A, in dark (background); B, during presentation of light 

flickering at frequency of 120 c/s. Intensity of illumination of pupil 50 Ix. Subject K. Yu., 25 March 

1960. A sharp increase in amplitude of potentials at a frequency of 120 c/s is visible with a fall in_ampli- 
tude of nearly all other frequencies, especially alpha rhythm frequencies. 


the lowest one—S5 c/s (Fig. 2(A)). Hence, in these subjects the highest amplitude of 


the assimilated rhythms in our experimental conditions was given by the highest lumino- 
Silty. 

In a smaller group of subjects an increase in amplitude of these rhythms occur- 
red on increasing the luminosity only up to 2-10 lx; with a further increase to 50 Ix 
the amplitudes diminished (Fig. 2(B)). Consequently, in these subjects to obtain the 
maximum amplitude of the assimilated rhythms a luminosity on the pupil of 2-10 Ix 
sufficed for frequencies up to 60 c/s. However, in this group of subjects an increase 
in luminosity to 50 lx caused a rise in the curves of the amplitudes of high frequencies 


~ 


(72 c/s, Fig. 2(B)). This, and also the rise in almost all the curves in Fig. 2(A) on in- 
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creasing the luminosity on the pupil to 50 Ix suggests that an increase in amplitudes 
might also be observed for even higher levels of luminosity. 

We accordingly set up supplementary experiments in which flickers differing in 
frequency were used with luminosity on the pupil of about 250 Ix. It was found that 
these very strong blinding intensities caused a small rise in amplitudes only for very 
high frequencies—above 70 c/s; the fall in amplitudes for lower frequencies (from 
60 c/s and lower) was greater, the lower the frequency of the flickers. 
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Fic. 2. Effect of intensity of light flickers on change in amplitudes of assimilated rhythm of different 


frequencies. Frequencies of flickers indicated on curves. A, subject Kh. V., November—December 1958; 
B, subject M. V., August 1958. 


As Fig. 2(B) shows, for certain subjects smaller frequencies of the flickers at 50 
to 100 Ix provided such super-strong stimuli, causing a reduction in the amplitudes 
for the lower frequencies. 

In all the subjects, for a given intensity one particular frequency of light flickers 
was best reproduced by the brain. After a change in intensity of the flickers the highest 
amplitude of the assimilated rhythms shifted in frequency in half the subjects. In the 
other half such a displacement was not observed. Fig. 3 shows two extreme cases of 
frequency distribution of the highest amplitude of these rhythms at different lumino- 
sities. 

In subject Kh. V. (Fig. 3(A)) at an intensity of 50 lx the peak of the curve was 
reached at a frequency of 60 c/s; with a reduction in the intensity of flickers the great- 
est amplitude of the assimilated rhythms shifted towards lower frequencies. Thus, 
at 10 and 2 Ix the peak of the curve was located in the region of 40 c/s and at 0-4 Ix 
in the 20 c/s region. 

In the opposite case (Fig. 3 (B)) the highest amplitude of the frequencies reproduced 
by the brain for all intensities of flickers used was in the 10 c/s region. In the majority 
of subjects the brain best reproduced flicker frequencies of about 20 c/s. 

It should be noted that under optimum conditions of luminosity the greatest ampli- 
tude of the assimilated rhythms usually was not more than 5-10 times the background 
value. However, in some subjects a very large value of these potentials was observed— 
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it was 18-22 times greater than the background amplitude of the frequencies before 
illumination. 

Hence, the results of our experiments show that to obtain the highest amplitude 
of assimilated rhythms a definite frequency and intensity of flickers, optimum for 
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Fic. 3. Curves of distribution of greatest amplitudes of assimilated rhythms in re- 

lation to intensity and frequency of light flickers. Intensity of flickers indicated on 

figures. A, subject Kh. V., November—December 1958; B, subject K. S., November 
December 1958. 


a given subject, is necessary. In the total electrical activity of the brain, patterns are 
observed similar to those established by Vvedenskii (Wedensky) for nerve-muscle 
preparations [10]. 

Above, for convenience, we examined the changes in amplitude of individual fre- 
quencies of the oscillations of the e.e.g. under the action of flickering light in relation 
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Fic. 4. Averaged amplitudes of different frequencies of human e.e.g. 1, background 

before stimulus; 2, on stimulation with flickering light of variable frequency and 

intensity. Intensity of illumination of pupil indicated in curves. Subject K. Yu., 
November 1959-April 1960. 
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to their background value. However, this value varies for different frequencies. It 
was therefore of interest to express the amplitudes of the potentials of the background 
e.e.g. in wV for comparison with the values of the assimilated rhythms of the different 
frequencies for all the intensities of flickering light used in the experiments. The anal- 


yser was calibrated in ~V with sinusoidal oscillations supplied to its input. Use of such 


units to interpret the readings of the analyser averaged over a definite period is to 
a certain extent arbitrary since the value of the indications of each filter of the analyser 
depends not only on the amplitude but also on the duration of the potentials the outline 
of which is not exactly sinusoidal. However, we consider the use of such units desir- 
able since they allow comparison of the amplitudes of the individual e.e.g. frequencies 
recorded at different times for different amplifications of the encephalograph and 
analyser [9]. 

Fig. 4 shows an example of such a calculation on the basis of results of all the tests 
on one subject. In the averaged frequency spectrum of the background e.e.g. the rise 
in alpha frequencies is well pronounced. Small rises in amplitude are also visible in 
the region of the delta and beta rhythms. At 30 c/s the amplitudes fall steeply and 
with further rise in frequency the drop in amplitude occurs very smoothly. Minor 
variation in the potentials occurred at frequencies above 100 c/s. The presence of such 
high frequency oscillations in the biocurrents of the human and animal brain has 
also been noted previously by other investigators [11-13]. 

Fig. 4 gives the quantitative expression of the change in amplitude and the fre- 
quency range of the assimilated rhythms in relation to the intensity of stimulus (change 
in the entire frequency spectrum of the e.e.g. on assimilation of rhythms has been 
considered in a previous article [14]). In this individual the amplitudes of the assi- 
milated rhythms of all frequencies apart from the lowest (5 c/s) bear a direct relation 
to the intensity of the stimulus—they are higher the higher the intensity of the flickers. 

The upper frequency limit of assimilated rhythms was determined by the intensity 
of the flickering light. Thus, for an intensity of illumination of the pupil of 50 Ix not 
only were the low frequencies assimilated but also those of 96, 120 and even 160 c/s. 
For a lower luminosity the higher rhythms were not assimilated—at 10 lx the brain 
reproduced no rhythms higher than 96 c/s; for 2 lx no higher than 60 c/s; for 0-04 Ix 
no higher than 40 c/s; and for 0-08 Ix no higher than 30 c/s. 

Such a strict correlation between intensity of flickers and the limiting high fre- 
quency assimilation was observed in all the subjects. However, in different subjects 
the upper limit of the assimilated rhythms varied. For an intensity of illumination 
of the pupil of 50 Ix the upper boundary of the frequencies reproduced by the brain in 
the majority of subjects did not exceed 72 c/s and in some cases did not even exceed 
40-60 c/s. In certain subjects we did not observe any assimilation of rhythms—even 
rare ones. In 20 per cent of the subjects the upper limit of the frequencies reproduced 
by the brain was very high—up to 96, 120 and even 160 c/s. It was found that in persons 
with a sharply pronounced alpha rhythm, as a rule, the valuc of the amplitude and 
range of frequencies assimilated by the brain were relatively low and the upper limit 
of the assimilated rhythms comparatively low, not greater than 60-72 c/s. In persons 
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with poorly marked alpha rhythm, in the majority of cases, the amplitude of these 
potentials were greater and the upper boundary higher. 

At the end of this experimental series the question naturally arose as to the op- 
timum levels of illumination at which the greatest amplitudes of assimilated rhythm 
may be obtained in the human e.e.g. In our experimental conditions high individual 
variation was found. However, on average, it may be assumed that such intensities 
for frequencies from 10—40 c/s are given by an intensity of illumination of the pupil 
of not less than 10 Ix and for higher frequencies up to 70 c/s of about 50 Ix. 

It is not desirable to increase the illumination beyond these limits since very high 
levels of illumination (over 50 Ix on the pupil) turn out to be superstrong—they cause 
a fall in the amplitudes of the assimilated rhythms with frequencies of less than 60-70 
c/s and the rise in amplitudes for very high frequencies (over 70 c/s) was inconsiderable. 
It is important to note that amplitudes of the lowest frequencies (4-6 c/s) correspond 
less to change in the intensity of the rhytmic light stimulation than do amplitudes 
of higher frequency. In a number of our subjects no agreement between the amplitude 
of the assimilated rhythms of the lowest frequency and luminosity was observed. 
The amplitudes of these frequencies changed little even with a considerable variation 
in the intensity of the flickering light. 

The effect of the intensity of a rhythmic light stimulus was manifest not only in 
the magnitude of the assimilated rhythms but also in the magnitude of the amplitude 
of the harmonics and subharmonics. The problem of the harmonics separated out 
from the e.e.g. by the automatic analyser is a debatable one. Many consider that their 
appearance is associated with resolution by the analyser of the non-sinusoidal complex 
form of the brain’s responses to each flash of light. 

In our experiments the upper harmonics were usually observed both for low and 
high frequency flickers. By delivering flickers of high intensity with a frequency of 
5-10 c/s we obtained increased amplitudes of the harmonics, the frequencies of which 
exceeded the rhythm of the stimulus by 2, 3, 4, 5 and even 6 times. The highest har- 
monics of 80 and 96 c/s occurred for a flicker frequency of 40 and 48 c/s respectively. 
Subharmonics with a frequency half that of the rhythm of the flickers were rarely 
observed and only for a sufficiently high intensity of stimulus. 

The effect of the flicker intensity on the amplitude of the harmonics was usually 
the same as on the amplitude of the assimilated rhythm. For a low intensity the ampli- 
tudes of the upper harmonics were low and for the highest, harmonics were absent. 
As the flicker intensity increased their amplitude rose and higher harmonics appeared 
(Fig. 5(A)). 

The regular changes in amplitude of the harmonics described were not always 
observed. In a number of cases the changes in the amplitudes of the assimilated rhythm 
and harmonics (especially the second harmonic) were reversed (Fig. 5 (B)). 

Thus, in the majority of experiments a definite relation was observed between the 
intensity of the rhythmic stimulus and the amplitudes of the harmonics. 

One of the objects of the present work was to study the distinctive aspect of the 
work of the brain in conditions of pulsating illumination. The results given above 
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show that for high intensities of flickering light the human brain is capable of as- 
similating quite high frequencies and what is particularly important, of functioning 
for a long time with a raised amplitude of these frequencies. We tried to deliver rhythmic 
light continuously for 30-40 min. The rhythm was assimilated throughout the time 
of the action of the stimulus. 
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Fic. 5. Relation between amplitude of harmonics of assimilated rhythms and flicker 

intensity. 1, amplitude of assimilated rhythms; 2, amplitudes of harmonics. Fre- 

quency of assimilated rhythms and harmonics indicated in curves. Subject K. V.; 
A, 23 December 1958; B, 25 November 1958. 


Prolonged action of high flicker frequency (100 c/s) occurs with fluorescent light- 
ing which produces in many persons working under such lighting increased fatigu- 
ability. Our experiments suggest that such fatigue may be du eto the diminution in work- 
ing capacity of the structures of the brain compelled to work for a long time with 


an increased high frequency amplitude. 

The experiments described above were carried out with 100 per cent depth of pul- 
sation of the light flux—between individual flickers there was complete darkness 
However, the luminophors covering the tubes of fluorescent lamps have an afterglow 
The depth of the pulsation of the light flux, i.e. the ratio of intensity of the interrupted 
to continuous light in the lamps is lower—for daylight lamps it is 55 per cent and for 
white light lamps 35 per cent. For three-phase power supply of the fluorescent lamps 
the depth of pulsation is 5 per cent. Therefore, it seemed to us necessary to ascertain 
the effect of different depths of pulsation of the light flux on the size of the ampli- 
tudes of the assimilated rhythms. Latterly, some workers have noted that reproduction 
by the brain of the frequency of flickering light also occurs when rhythmic light is com- 
bined with constant illumination. However, no one has studied this problem with 
particular reference to a wide frequency range and different depths of pulsation. 

The experiments were carried out as follows. After measuring the background 
e.e.g. in the dark, flickering light of a definite frequency and intensity at 100% depth 
of pulsation was delivered in the dark to a screen for 1 or 2 min. Then, the rhythmic 
light on the screen was supplemented by non-flickering light delivered from an addi- 
tional light source for 50 sec booster illumination. In the experiments, flicker frequen- 
cies were used of 4-60 c/s with an intensity of the rhythmic light on the pupil from 
0-4-10 Ix. The level of the booster illumination was varied from 0-8 to 50 Ix, which 
produced a variable depth of pulsations of the light flux. Five subjects took part in 
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the experiments. Despite the considerable individual variations in the responses of 
the brain to flickers at different depths of pulsation of the light flux averaging the 
results of all experiments showed that the depth of pulsation had a consistent effect 
on assimilation of the rhythms. It differed for high and low frequencies. As a rule, 
amplitudes of the assimilated rhythms of high frequencies (from 30 c/s and higher) 
did not change if the depth of the pulsation of the light flux was greater than 20 per 
cent. For a lower depth of pulsation, amplitudes of the high e.e.g. frequencies dimin- 
ished, but assimilation of the rhythms was usually observed even when the intensity 
of the booster illumination was 5-25 times that of the flickers, i.e. when the depth of 


pulsation of the light flux was less than 5 per cent (Fig. 6 (A)). 
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Fic. 6. Curves relating amplitude of assimilated rhythms to depth of pulsations 


ght flux averaged for 5 subjects. 1, at 100 per cent depth of pulsation; 2, at lower 


depth of pulsation. A, for frequencies of 30-60 c/s; B, for frequencies of 4-12 c/s. 


Experiments: November 1959—April 1960. 


Assimilation of low frequency rhythms (4-12 c/s) was observed only for a depth 


of pulsation greater than 20-40 per cent. However, even for very weak booster illumin- 
ation it was considerably less marked than for 100°, depth of pulsation of the light 
flux (Fig. 6 (B)). Similar changes also occurred with amplitudes of higher harmonics. 


Thus, the results of experiments with booster illumination show that assimilation 
by the human brain of high frequency rhythms of light flickers was observed even 
for a very low depth of pulsation of the light flux of the order of 5 per cent—con- 
siderably less than that which occurs in actual conditions of fluorescent illumination. 
Assimilation by the brain of low frequency rhythms of flickers ceases for a pulsa- 
tion depth of less than 20 per cent. 

It follows from our findings on the work of the human brain with pulsating il- 
lumination that fluorescent lighting needs to be improved. This may be brought about 
on the one hand, by increasing the number of pulsations and, on the other, by reducing 
the depth of the pulsation of the light flux of fluorescent lamps. The latter may be 


achieved by means of luminophors with a long afterglow. 
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SUMMARY 


(1) In the total electrical activity of the human brain—the electroencephalogram— 
the properties of a rhythmic light stimulus (intensity, frequency and depth of pulsa- 
tions) are objectively reflected. The high frequency oscillations are more responsive 
to change in the intensity of the rhythmic stimulation than the low frequency e.e.g. 
potentials. 

(2) The amplitudes of the frequencies reproduced by the brain depend on the in- 
tensity of the light flickers. With an increase in intensity they increase to a certain 
limit and then fall. To obtain the greatest amplitude of the assimilated rhythm a de- 
finite intensity of flickers optimum for the given frequency and given subject is nec- 
essary. On average, for frequencies from 10-40 c/s such illumination on the pupil 
must be not less than 10 Ix and for higher frequencies of the order of 50 Ix. 

Increase in the intensity of flickers caused a considerable rise in the amplitudes 
of the assimilated rhythm of high frequency; the amplitudes of low frequencies changed 
little in these conditions and not always in strict conformity with change in the inten- 
sity of the stimulus. 

(3) The greatest frequency of assimilated rhythm was also determined by the inten- 
sity of the light flickers. For a high illumination on the pupil of 50 Ix the limit for 
which the brain followed the rhythm of the stimulus in the majority of subjects did 
not exceed 60-70 c/s; in 20 per cent of subjects this limit was beetween 70-160 c/s. 
With a reduction in illumination it fell. 

(4) On lowering the depth of pulsations in the light flux to 20 per cent the ampli- 
tudes of assimilated rhythm of the high frequencies remained virtually unchanged. 
With a further fall in the depth of pulsations the amplitude of these rhythms fell. How- 


ever, assimilation of high frequencies of light flickers was observed even at very low 
depth of pulsations of the light flux—of the order of 5 per cent. Assimilation by the 
brain of low frequency rhythms of flickers usually ceased at a pulsation depth of about 
20 per cent. But even for low booster illumination it was more weakly marked than 


for 100°, depth of pulsation of the light fiux. 
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ALTHOUGH two or more receptors work simultaneously in the retina, a necessity for 
colour vision, information on the state of the receptors may be transmitted to the brain 
in different ways. Just as different receivers may be located in different receptors (rod 
and cone receptors in the frog) or in the same receptor (three cone receptors of man) 
so information on the state of the different receptors may be transmitted either by 
fibres separate for each receptor or common to all receptors. 

It is known from histological findings that in the frog retina the rods and cones 
are joined to the same ganglion cells. Bongard and Smirnov have shown [Il] that over 
a wide range of light intensities both receptors function simultaneously but the signals 
from different receptors are not interchangeable for the ganglion cells: the conditions 
of colorimetric equality for a single element include simultaneously equality for both 
rods and cones. Since the appearance of a signal in the fibre depends on the work 
of both receptors, it is very likely that a signal travelling along the nerve fibre reflects 
the state of two receptors and thus contains two-dimensional information. However, 
in a colorimetric study of the conditions of visual non-discrimination of radiations, 
the signal in the nerve or nerve fibre serves only as a criterion of the inequality of 
the radiations not as the object of the study. Therefore, the problem of the multi- 
dimensional character of the information contained in the signal from a single fibre 


requires study of the signal itself. 


* Biofizika 6: No. 1, 77-83, 1961. 
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It is known that the number of pulses in the reaction of a single fibre depends on 
the intensity of light or the contrast of the alternating radiations. The assumption 
has been made that information on the spectral composition (colour) of the stimulus 
is transmitted by the distribution of pulses in time. This assumption was confirmed 
by Liberman [2] who found that certain of the “on” elements of the frog retina, in 
response to switch on of a red and a blue light, transmit a series of pulses of different 
frequency and duration. For switch-on of red, transitory pulsation with a high fre- 
quency was observed; for switch-on of blue prolonged and sparser pulsation. The 
characteristic distinguishing features of the responses to red and blue light were 
maintained over a wide range of light intensities. However, in Liberman’s experiments, 
elements displaying different reactions to red and blue light were encountered ex- 
tremely rarely. In the reactions of the great majority of the single elements, as with 


the frog eye taken as a whole no differences were noted on switch-on of red and blue 
light. Therefore, it is still not clear whether or not the remaining mass of fibres trans- 


mit signals about colour. 

As was discovered during the present work, in certain conditions, it was possible 
to obtain quite distinguishable neurograms from the whole optic nerve of the frog 
in response to switch-on of stimuli of different colour. It was found that the neuro- 
grams are differentiable in a wide range of cases in which light is switched on not 
against a background of darkness but against a background of sustained illumination. 
The effect is very well reproducible and was observed in all frogs in which the presence 
of colour vision was confirmed colorimetrically. 


METHODS 


In the experiment we used the fresh frogs Rana radibunda caught in November. 
The eye-nerve preparations with removed anterior media were placed in a humid 
chamber with a raised content of oxygen. One silver electrode was in contact with 
the sclera, the other with the optic nerve. The signal was supplied to an a.c. amplifier 
with a simple integrating circuit at the output. The transformed neurograms were 
observed and photographed on an ENO-1! oscillograph screen. Such neurograms, 
in which the deviation of the beam from the base line depends on the density of pulses 
are more illustrative and suitable for comparison. 

The UM-2 monochromator used in the substitution colorimeter served as the 
optical part of the apparatus [3, 4]. Adjustable movable and fixed slits on slides at 
the entrance to the monochromator allowed separation of the spectral bands (wave- 
lengths given in the text denote the centres of the bands) and the necessary changes 
in spectral composition and intensity of illumination of the eye. The light impinged 
directly on the retina from an aperture in the mixing sphere (whitened inside to ex- 
cluding possible directional influences). The retina was thereby evenly illuminated. 
For each preparation the presence of colour vision was confirmed colorimetrically 
[4]; red and green light were not interchangeable for any ratio of intensities. 

The intensity of the light on the retina was measured by a luxmeter with a selenium 
photocell. 
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RESULTS 


As is known, impulses in the frog optic nerve arise solely in response to changes 
in the illumination of the retina. The great majority of the optic fibres function chiefly 
on reducing the intensity of light. The character of the reaction depends on the con- 
trast; as contrast is increased, there is an increase in the duration of the sustained 
pulsation following the initial response. The reaction of the whole nerve to switching 
on or intensifying the light always developed rapidly and did not differ from the neuro- 
gram for a slight reduction in light. In the types of reactions described it was impos- 
sible to notice any differences that depended on the spectral composition of the light 
used. But if the red and blue lights were switched on, not against a background of 
darkness but in the form of an addition to a certain background illumination, the 
neurograms were clearly differentiable; switch-on of additional blue light caused 
a prolonged reaction, switch-on of additional red light a reaction which rapidly ceased. 
The results of experiments, the aim of which was to elucidate the conditions necessary 
for the appearance of differentiable neurograms and to confirm the dependence of 
the differences observed on the colour of the stimulus, are given below. 

Role of the intensity of the additional light. It is clear that the form of the neurograms 
in response to a reduction in light intensity is dependent on contrast, i.e. on the ratio 
of the intensities of the alternating radiations. Therefore, it was first necessary to 
make sure that the differences in the neurograms were not the result of the intensity 
of the stimulus. Fig. 1 shows the neurograms in response to addition of green (540 my) 
(as follows from the experiments outlined below the reactions to addition of green 
and red were uniform) and blue (470 my) light to a background of orange (600 my). 
The intensity of the additions varied within quite wide limits; the ratio of the max- 
imum (upper traces) and the minimum (lower traces) was not less than 100. Both 
minimum additions were so small that the changes in background on switch-on and 
switch-off of the extra light were scarcely perceptible to the human eye. The height of 
the peak of the neurogram, depending on the number of impulses, varied with change 
in the intensity of the additional light. However, it is clear that whatever the intensity, 
the neurogram on addition of blue did not lose its characteristic features and did not 
pass into the neurogram for the addition of green, or vice versa. Consequently, these 
features actually depend on the colour of the stimulus. 

Role of the intensity of the background. Since the neurograms for switch on of blue 
light and for example, red or green, are indistinguishable and the neurograms on ad- 
dition of the same radiations to a certain background are quite differentiable, the prob- 
lem arises as to what is the minimum intensity of background required to obtain dif- 
ferent neurograms. 


Fig. 2 shows neurograms in response to switch-on of extra red (630 my) and blue 


e 


(465 my) light against a green (540 my) background. The intensity of each of the 


additions remained unchanged, whereas the intensity of the background varied within 
wide limits. The two lower neurograms were obtained in the absence of background 
illumination. The figure shows that the differentiation of the neurograms on addition 
of blue from those with addition of red diminished on reducing the intensity of the 
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background and that this change was gradual. For very low background intensities 
and on switch-on of stimuli in the absence of background, there were virtually no dif- 
ferences. The intensity of the background for which the neurograms could still be 
differentiated may be so low that the background plus the light serving as supplement 
made little changed in the illumination of the retina, according to visual assessment. 
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Fic. 1. Response of optic nerve to addi- Fic. 2. Response of optic nerve to addition 
tion of green (540 my) and blue (470 my) of 5 lx red (630 mz) and 10 1x blue (465 
light of different intensities to orange mys) to green (540 my) background of dif- 
background (600 mu)~7 Ix. Intensity ferent intensity. Lower pair of neurograms, 
of additions (in Ix) measured with a lux- switch on without background light. Nu- 
meter with selenium photocell. merals on right, intensity of background 

in Ix. 


Role of the colour of the additional light. The figures show that the responses to 
both extra red and green light were equally differentiable from the response to the 
addition of blue but were indistinguishable between themselves. Where is the boundary 
between light causing a prolonged reaction and giving a brief response? 

Fig. 3(A) reproduces the results of an experiment performed to solve this problem. 


Extra light of different wavelengths was delivered to a constant orange (600 my) back- 


ground. Comparison of the neurograms suggests that there is no sharp boundary, 
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but a ceratin interval in which a smooth transition is observed from the brief responses 
characteristic of A > 520 my to the prolonged characteristic ones at 2 <480 my. 
A similar result was obtained in the experiment with a green (540 my) or red (630 my) 
background. Thus in the experiment described, the spectrum for the frog eye is divided 
into shortwave (480 myfand shorter) and longwave regions (520 my and longer) and 
a certain transitional interval between them (490-510 my). 


J600my+Ja JAt J460 mu 
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Fic. 3. Response of optic nerve to addition of different colours and réle of background colour in ob- 

taining different neurograms. A, neurograms in response to switch-on of different additional light 

against a background of orange (600 my); B, neurograms in response to switch-on of additional blue 
light (460 my) against backgrounds of different spectral composition. 


Role of the colour of the background. \t is clear from the figures that the prolonged 
reaction, according to which we can differentiate addition of blue, appeared on ad- 


ding it to both green and red or an orange background. However, it is known that in- 
tensification of blue light (blue on blue) is accompanied by a brief reaction. How 
does the differentiation of the signals depend on the colour of the background? 
The experiment, the results of which are depicted in Fig. 3(B), was similar to the 
previous one. However, this time the wavelength of the background was varied, with 


the extra light (A = 460 my) remaining unchanged. It is clear that addition of blue 
to a blue background as with any increase in the intensity of light without change 
in spectral composition, produced a brief reaction (the same reaction accompanied 
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addition to a blue background of radiations of any wavelength). Addition of the same 
blue to any background—from green to red—produced a characteristic prolonged 
response. Again, a transitional interval was observed in which the brief reaction grad- 
ually passed into a prolonged one. Hence, the differentiation of signal on supple- 
mentation is so dependent on the wavelength of the background that the spectrum 
again divides into shortwave and longwave parts with a transitional interval between 
them. The boundaries of these portions of the spectrum approximately coincide for 
the background and the extra light. 


DISCUSSION 


The results of the experiments outlined above may be summed up as follows. In 
certain experimental conditions the neurogram produced by switch-on of blue light 
(A = 480 my) was clearly distinguishable from that on switch-on of radiations with 
4 = 520 mu. The conditions for producing different neurograms is the presence of 
a sufficiently intense background which moreover, must not be blue. The differences 
are based on the fact that the reaction to extra blue as distinct from addition of the 
longer wavelengths is accompanied by prolonged pulsation in the nerve. 
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Fic. 4. Curves of relative spectral sensitivity of frog receptors from [4]. 


In the experiments outlined the reaction of the optic nerve in relation to the spectral 
composition of light was investigated. However, for the ganglion cells transmitting 
a signal along the nerve fibres it is not the physical parameters of these radiations 
which are important but the physiological state of the receptors and the radiations 
are differentiated only to the extent that the states of the receptors produced by them 
differ. What are the conditions for differentiation of the signals (conditions of ap- 
pearance of a protracted reaction to extra light) from the point of view of the state 
of the frog receptors? 

We shall consider the curves of spectral sensitivity of the frog receptors (Fig. 4) 
obtained by the colorimetric method [4]. It is clear that in the shortwave part of the 
spectrum it is chiefly the rods which function and in the longwave part the cones. 
Since the background necessary for signal differentiation may be either green or far 
red (650 mu) where only the cones function it may be concluded that discrimination 
of signals requires preliminary excitation of the cones by background light. 
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Switch-on of extra blue first and foremost increases the excitation of the rods. 
Since over the entire spectral portion investigated (from 440 my) the cones displayed 
appreciable sensitivity, then blue light also increases excitation of the cones. Therefore, 
blue and longer wave radiations bordering the transitional interval (for example, 480 
and 520 my) excite both receptors but the ratio of excitation of the rods (R) and cones 
(C) for these radiations differs. 

For radiations with a shorter wavelength this ratio is greater than for longer wave 
radiations. Since addition of blue to any longer wavelength background increases 
excitation of the rods to a greater degree than the cones, then the RC ratio increases. 
Switch-on of extra green against a red background also increases the RC ratio but 
to a lesser extent. In this case, a brief reaction develops as with an increase in the in- 
tensity of green or blue light, when excitation of the rods grows but the RC ratio does 
not change. 

Thus, the prolonged response is induced by addition of a radiation which primarily 
increases the excitation of the rods so that the RC ratio increases although mere increase 
in the RC ratio is insufficient. The experiments show that at the moment of switching 
off the extra red against any background of shorter wavelength (for example, 540 my) 
the RC ratio increases, through a reduction in C, but a prolonged reaction is not ob- 
sery ed. 

It follows from this that a prolonged reaction may be obtained by any change 
in illumination of the retina colorimetrically identical with the extra blue. For example, 
addition of green to the longer wave background simultaneously with a reduction 
in intensity of this background or replacement of a longer wave (for example, 600 my) 
by a shorter wave radiation (for example, 540 my) corresponding in intensity produces 
as supplementary experiments showed, a prolonged reaction characteristic of ad- 
dition of blue. 

Thus, a prolonged reaction to the extra light develops if against a background 
of preliminary excitation of the cones there is an increase in excitation of the rods 
so that the ratio RC increases to a sufficient degree. 

The above-described formulation of the conditions for the origin of differentiable 
reactions (confirmed by supplementary experiments) does not, of course, explain 
either the mechanism determining the difference in the reaction or the need for satisfy- 
ing certain conditions required for discriminating signals. Thus, for example, it re- 
mains incomprehensible why signals on addition of weak blue and green light against 
a bright background are well distinguishable but signals to switch-on of bright blue 
and red against a background of darkness are practically indistinguishable. In the 
latter case, both the terminal states of the receptors and the changes in the state differ 


amongst themselves much more sharply than on addition of weak light against a bright 
background. It might have been expected that greater differences in the changes in 


the state of the receptors would be accompanied by a greater difference between the 
reactions. 

Naturally, the results obtained do not provide an answer to all the problems raised. 
However, certain definite conclusions may be drawn from them. 
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For the appearance of a prolonged reaction in response to the same stimulus— 
addition of blue—a background of definite colour is required; consequently, the ini- 
tial state of the retina, determining the character of the reaction, depends on the spec- 
tral composition of light. Further, for certain initial states dependent on the colour 
of the background, the reaction in response to addition of light depends on its colour. 
Since the neurograms vary with change in intensity but maintain the characteristic 
features dependent on the colour of the addition, it may be asserted that these reactions 
contain two-dimensional information. A neurogram is the total reaction of a multiplicity 
of single fibres and, therefore, it may be concluded that most of the single fibres of 
the frog optic nerve transmit two-dimensional information. This conclusion may be 
verified by repeating the experiments described on single fibres. The concordance 
of the characteristic features of the total neurogram and the reaction of single fibres 
(on comparison with Liberman’s experiments) in response to blue light—presence 
of prolonged pulsation—increases the likelihood that this feature is connected with 
the method of coding information on the colour entering the frog brain along the 


optic nerve. 
SUMMARY 


Neurograms of the optic nerve have been studied to investigate the relation be- 
tween the reactions of the frog eye and the colour of the stimulus. 

(1) In the neurograms in response to switch-on or increase of the strength of light, 
similarly for switch-off or reduction of intensity of light, it was not possible to detect 
any differences dependent on the colour of the stimulus. 

(2) If radiations of different spectral composition are switched on, not against 
a background of darkness but against a background of certain continuos illumination, 
i.e. in the form of an addition to the background, then distinctly different neurograms 
dependent on the colour of the addition are detected. 

(3) Switch-on of additional shortwave light (A <480 my) caused prolonged pul- 
sation; addition of wavelengths of 520 mu and above were always accompanied by 
a brief reaction. Differences in the neurograms connected with the colour of the stim- 
ulus were observed over a wide range of intensities. 

(4) A prerequisite to obtaining differing responses is a background with a wave- 
length of not less than 520 my and an intensity of not less than 0-5-1 Ix. 

The author wishes to express his gratitude to the staff of the Laboratory of Vision 


for their great help in carrying out and arranging the work and for discussion of the 


results. 
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DesPiITE the great importance in a number of cases of investigating convergence in 


the practical work of neuro-opthalmologist, a technique has still not been worked 


out for determining it and the limits have not been defined between what can be con- 
sidered a more or less normal course of the reaction and that classed as pathology. 

The methods used in clinical conditions for determining the state of convergence 
are extremely primitive and at best, are capable only of demonstrating in the patient 
complete absence of convergence of the visual axes on fixation of near objects or 
complete failure of contraction of the pupils incidental to the act of convergence. 
Various objective techniques have recently been proposed for study of the act of con- 
vergence [1-2]. 

Shakhnovich [3] has worked out a technique for the cinematographic recording 
of the reaction of the pupil to convergence. With this method the author determined 
the length of the latent period and the time, amplitude and rate of the reaction of the 
pupils on convergence in relation to the degree of convergence of the eyeballs. Sub- 
sequently, it was found possible to record automatically the curves of the pupillary 
reaction from cineframes [4]. 

The application of an accurate and objective pupillographic method to the study 
of convergence makes it possible to introduce certain quantitative factors in all the 
facets of such an investigation thereby sharply increasing the sensitivity of the test 
and consequently, its diagnostic value. However, the very novelty of such methods 
of investigation implies application of an accurate standard technique for determining 
the condition of convergence and setting the limits of its normal course from all the 
determinable factors. The present work is devoted to an attempt to elaborate such 
a standard for pupillographic investigation of the act of convergence. 

The first thing necessary was to set accurately the far and near fixation objects 
along the median line in relation to the eyes of the patient. For this purpose we used 
a mirror set up in a plane exactly parallel to the plane of the patient’s eyes, a luminous 
far fixation object placed behind the patient at a distance of 5m on being reflected 
from the mirror gave a light spot precisely on the radix nasi of the patient at an equal 
distance from the right and left eyes. This demonstrates that the far fixation object 


* Biofizika 6: 1, 84—90, 1961. 
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is located strictly in the median line and both eyes are in identical position on con- 
vergence. 

Strictly speaking, on fixation of the far object the subjects’ eyes are not ideally 
parallel but their visual axes form a small angle. However, this angle on fixation by 
5 m is so small (the axis of each eye is deviated in all by 20’ from the median line) 
that it can be disregarded. Nor did we take into account the so-called angle y between 
the visual axis and the anatomic axis of the eye actually recorded in our pupillograms. 
However, in individual cases with a particularly large angle y it may be reflected in 
the pupillograms. 

The near object for fixation must also, of course, be accurately set on the median 
line. For more exact setting we made a small aperture in its centre so that the light 
coming from the far object after being reflected in the mirror passed through the aper- 
ture and only then impinged precisely centrally on the patient’s radix nasi. After making 
such an adjustment we no longer disturbed it merely slightly moving the support for 
the subject’s head prior to the test in order to adjust the support to the individual 
peculiarities of the structure of the facial skeleton of each patient. Fig. 1 depicts the 
settings for the near and far fixation. 


f NX 
Jem 
fecm } 600m 
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as XD 


Fic. 1. Arrangement for investigating convergence. 1, mirror; 2, near object; 3, far 
fixation object. 








Since the investigation of convergence was made on persons of different ages, some- 
times elderly ones with signs of presbyopia for whom accurate binocular fixation 
of close objects without the use of spectacles is complicated by lack of accommodation, 
we had to refrain from placing the near objects at a distance of 10 cm from the subject’s 
eye. Such a distance was also unsuitable for investigation of hypermetropes. How- 
ever, the near point must not be removed too far from the subject’s eye since it reduces 
the amplitude of the convergence movements of the eyes and the whole test becomes 
less illustrative. Therefore, we chose an average distance, 14 cm, corresponding for 
the emmetrope to accommodation of 7 diopters, at which the circles of light scatter 
for presbyopes were not so great as to interfere with binocular merging. The accuracy 
of fixation was determined by the small size of the fixed objects perceived at an angle 
of about 1° which corresponds to 0-25 cm for the near and 8-5-9 cm for the far object. 

Simple calculation shows that the amplitude of the convergence movements for 
each eye for this distance of the near fixation objéct is still quite considerable. After 
taking the average distance of the centres of both eyes as equal to 60 mm we can con- 
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struct two equal right-angled triangles in each of which one short side is equal to half 
the distance of the centres (3 cm) and the other short side is equal to the distance to 
the fixation object (14 cm). Then the tangent of the angle sought is about 0-22 and 
the actual angle will be 12-5°. The total convergence of the axes of both eyes on fix- 


ation at 14 cm consequently forms an angle of 25°. 


Cineframes and pupillogram taken for measurement of extent of conver- 


gence of visual axes. 


[he degree of convergence of the visual axes on near fixation can be readily meas- 
ured with a ruler on any pupillogram or directly on cineframes, as Fig. 2 shows. We 


can readily establish how many millimetres each eye moves when instead of a far 


point it starts to fix at a distance of 14 cm. Since all the calculations for investigation 


of convergence were made not in millimetres but in degrees it is necessary to make 
corresponding calculations. To this end we may utilize the calculations made by Helm- 
holtz himself (later more precisely defined by Gullstrand) for the distance from the centre 
of rotation of the eye to the apex of the cornea, 13 mm. Deducting from this figure 
the depth of the anterior chamber and the thickness of the cornea, we obtain a distance 
from the centre of rotation of the eye to the level of the pupil of about 10 mm. This 
means that displacement of the eye by | mm implies a turn through an angle the tangent 
of which will be equal to 0-1 and the angle itself 5-5°. 

We used these calculations in analysing the pupillograms obtained in 10 normal 
subjects—persons of different ages with full visual acuity of both eyes, good binocu- 
lar vision and with refraction of both eyes emmetropic or nearly E (deviation not 
more than +1-0D). The principal variables concerned with convergence are presented 
for the 10 subjects in the table. 

The age of the subjects was from 17 to 48 years. The data on convergence are pre- 
sented for each eye separately. A striking point is that despite accurate centring, in the 
majority of cases the movements performed by the right and left eyes of the subject 
in carrying out the act of convergence were not uniform. The difference in the con- 
vergence angles of the right and left eye was on average 2° reaching in individual cases, 
4:5 and even 5°. At the same time, in half of the subjects (the findings on whom are 
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CONVERGENCE AND PUPILLARY REACTION IN NORMAL CONDITIONS 
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* Denotes eye of the subject that was examined first. 


presented in the table) differences between the convergence movements of the right 
and left eyes were either absent or at most 0-5”. 

It is still difficult for us to give a satisfactory interpretation of this difference in 
the amplitudes of the convergence movements. The idea that this difference is related 
to the fact that one eye is examined first must be rejected, since (as the table shows) 
the first eye in some cases performed more and, in other cases, less movement than 
the other eye. Since neither the extent of contraction of the pupils nor other indica- 
tions gave divergences which might be related to such unequal convergence move- 
ments, it must be supposed that the inequalities are not due to any central nervous 
influences but arise as a result of local peculiarities in the structure of the muscular 
apparatus of the given eye. Possibly a certain réle is also played by the size of the 


y-angle. It is important to note that even in normal conditions the movement of the 


right and left eyes in performing the act of convergence was not always uniform and 
may show a difference of up to 5°. At the same time, an interesting feature is that 
the average amplitude of the convergence movements for all 20 eyes of the 10 persons 
examined was 12-5° corresponding accurately with the calculated value. 
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If we take the total convergence of the visual axes of both eyes of each subject, 
the convergence in individual cases varied from 20-29-5° so that the deviations from 
the theoretically calculated value were not more than 20 per cent on either side. 

The time taken for complete convergence in individual cases varied from 0-1 to 0-7 
sec and only in | of 20 eyes lasted up to 1-0 sec. It is interesting to note that the second 
eye of this subject made roughly the same movement in a time of 0-3 sec. Thus, the 
difference in the time during which the subject’s eyes perform convergence movement 
can, even in normal conditions be quite considerable. But so far, we have not come 
across any case in which the normal subject did not achieve complete convergence 
within | sec. The duration of the latent period from the start of convergence of the 
visual axes to the start of narrowing of the pupil was quite constant. Its duration var- 
ied in individual subjects only from 0-2 to 0-6 sec. The duration of the latent period 
may differ in the right and left eyes of a subject. 

It should be noted in passing, that in carrying out the act of convergence the latent 
period of reaction of the pupil is somewhat longer than the reaction of the pupils to 
light. We did not observe, for any normal eye of a healthy subject, a latent period 
of the pupillary reaction to light stimulation lasting longer than 0-3 sec, whereas in 
investigating the reaction of the pupils on convergence, 3 of 10 subjects displayed, 
admittedly only in one eye, a lengthening of the latent period up to 0-4—0-6 sec. 


A notable aspect was the quite considerable difference in the original diameter 
of the pupil of the right and left eye noted in the pupillograms of a number of sub- 


jects. Obviously, the presence in the subjects of pupils of different diameters, up to 
0-9 mm, cannot still be interpreted as pathological aniseikonia. In carrying out the 
act of convergence, the wider pupils sometimes narrow to a greater degree, so tha 
at the moment of maximum convergence the aniseikonia initially noted is evened 
out. 

The amplitude of contraction of the pupils on convergence varied in individual 
cases from | to 3 mm but in no case was less than | mm. The time from the start of 
contraction of the pupil to the maximum narrowing was, in individual cases, from 
0-5 to 1:3 sec, being almost double the duration of normal contraction of the pupil 
as the result of light. 

Despite the quite considerable scatter in the figures in our table it already gives 
a definite framework for defining the limits within which the normal act of convergence 
is accomplished in the healthy emmetrope with good binocular vision. It was necessary 
to clear up the problem as to the limits within which these variables may be affected 
by anomalies in refraction which may be come across in patients in whom investiga- 
tion of convergence is carried out for diagnostic purposes. 

Fig. 3 presents the pupillograms for an emmetrope, a myope and a hypermetrope 
with average degrees of ametropia within the limits of 3-0-4 diopters with complete 
correction by spectacles and possessing normal binocular vision. All three pupillo- 
grams are quite similar. The large initial width of the pupils in the myope is well in evi- 
dence. However, their narrowing during convergence occurred quite normally. All 
the other responses of both types of ametropia fell within the limits noted by us for 
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the course of normal convergence in emmetropes. It may thus be considered that 
ametropia of average degree in the presence of good binocular vision does not disturb 
the normal course of convergence as is reflected in the responses presented in the 


Fic. 3. Pupillograms. 1, myopia (—3-50); 2, emmetropia; 3, hypermetropia (+-3-0D). 


But findings of a different nature were obtained on pupillographic investigation 
of the act of convergence in a subject with relatively minor hypermetropia of the right 
eye but with complex hyp2rmetropic astigmatism of the left eye, not completely cor- 
rected by spectacles. Investigations confirmed the absence in this patient of binocular 
vision. On investigating convergence the right eye gave normal convergence of 14 
whereas the left eye moved 3°. Hence, the total convergence of the optical axes on 


convergence was in all 17° which is already outside the limits of normal variation 
(20-29-5°). Contraction of the pupil was also minimum—I mm for both eyes. All 
this suggests that absence of good binocular vision is in itself evidence for the pa tho- 


logy of the act of convergence. 

In Fig. 4 the pupillogram of this patient is adjacent to that of another subject—an 
emmetrope with good binocular vision for whom conditions were artificially intro- 
duced disturbing the course of normal convergence. Before the start of filming, the 
support on which the subject’s head was fixed was shifted to one side so that on che cking 
the centring, the light spot was not on the radix nasi but on the subject’s right eye 
itself. In the pupillogram taken in these artificial conditions we see that the right eye 
in effect did not give any displacement on transfer of fixation from the far to the near 
object. The left eye related 26°. Hence, even for such displacement of the axial line 
of fixation the total convergence of the visual axes was quite well within the limits 
of the standard fixed, although it was performed by only one eye. The third pupillo- 
gram in Fig. 4 is for the same subject but obtained for the normal central po sition 
of the fixation objects. 

; It is interesting to note that in the experiments with the fixation point displaced, 
contraction of the pupils was almost uniform both for the eye which turned by 26 
and for the second which remained immobile. Both eyes also gave a uniform latent 
period and a uniform duration of period of contraction of the pupils. Comparison 
of this test with the preceding observation in which the unilateral movement of the 
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eye was the result of absence of binocular fixation is particularly informative and 


may be of interest in discussions on the mechanism of the reaction of the pupil on con- 
vergence. 

Our material is of a tentative character. This is the first step towards an objective 
investigation by means of a graphic method of the complex and still little studied 


Fic. 4. Pupillograms: a, patient with signs of disturbed binocular vision; b, normal emmetrope on 
positioning object against right eye; c, on centring object. 


act of convergence of the eyes. However, our findings confirm the possibility of using 
the pupillographic method for the objective investigation of convergence in patients 
in whom this new method may turn out to be useful in diagnosis of certain affections 


of the brain stem. 
SUMMARY 


(1) The standard technique of investigation devised by us permits a strictly objective 
assessment and recording (on pupillograms) of the amplitude, velocity and uniformity 
of the movements of the eyes and the corresponding reactions of the pupils in per- 
forming the act of convergence. 

(2) Analysis of the pupillograms from healthy subjects with good visual function 
shows that the degree of convergence of the visual axes of both eyes in performing 
convergence quite accurately coincides with the theoretically calculated value with 
a relatively minor deviation within the limits of +5’. 

(3) With good binocular vision neither the age of the subject nor the presence 
of ametropia of medium degree exerted a major effect on the course of convergence. 
The amplitude of the movements of right and left eyes of the subject may be different 
even with good binocular vision and emmetropic refraction of both eyes. | 

(4) The duration of the latent period and degree and rate of the contraction of 
the pupils in carrying out the act of convergence may vary in individual subjects but 
only within small and strict limits. 

(5) The degree of contraction of the pupils of right and left eyes of the healthy 
emmetrope with good binocular vision on convergence is about uniform even in cases 
in which because of artificial experimental conditions the movements of convergence 


are effected only by one eye. 
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Stupy of the processes of heat exchange in embryonic development is one of the inter- 
esting problems of bioenergetics. The heat balance of the mammalian embryo is 
automatically related to the constancy of temperature of the maternal body whereas 
the heat exchange in brid embryos wholly depends on the surroundings. Much infor- 
mation has now been gathered on the effect of tempertaure on the results of incubation 
of birds’ eggs but little is known of the physical aspects of heat exchange. In a number 
of papers [1-5] devoted to exchange of energy in the developing chick embryo, problems 
of heat exchange in eggs are hardly touched on. Romanoff [6] has compared some 
scattered results of measurement of heat production and temperature of eggs on incu- 
bation. Only quite recently Romijn and Lockhorst [7, 8] made a number of original 
investigations on heat exchange in the chick embryo using physical methods. In par- 
ticular, they were able to define the relative réle of the various pathways of heat emission 
from the surface of the egg. However, certain aspects of the dynamics of heat exchange 
in connexion with development, the features of heat exchange of the mass of the egg 
and also species peculiarities still remain obscure. 

Our aim was to measure the most important variables connected with heat exchange 
in the egg during incubation and to establish their dependence on physical factors. 
In so doing, we resorted only to those findings on the physiology of energy exchange 
which have a direct bearing on determinig the level of heat production. 


METHODS 
As test object the eggs of the domestic duck were used with an average weight 
of 78-0 g and average surface area of 89 cm?. Incubation was carried out in a covered 
incubator with the usual routine for duck eggs [9]. The temperature of the egg was 
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determined by means of a system of differential thermocouples plus a mirror galvano- 
meter with a sensitivity of 0°01° per mm. The thermocouples were inserted into the 
eggs or attached to the shells. The individual eggs, together with the thermocouples, 
were placed into respirometer chambers or used for calorimetry. 
The expenditure of energy Q associated with heat formation within the egg was 
computed from the results of indirect calorimetry: 
QO — 3-810,+1-237CO, cal (1) 


where O, and CO, are the volumes in ml of the oxygen taken up by the egg and the 
carbon dioxide given off. To determine the gas exchange of the egg we used Makhin’ko’s 
apparatus [10] mounted in the incubator and four identical semi-microrespirometers 
representing a modification of Kalabukhov’s instrument [11]. The level of heat pro- 
duction in the embryo was determined directly by means of a compensation biocalor- 
imeter in which two eggs served as chambers. One egg contained the embryo and 
in the other, usually a fresh unfertilized egg, the heater was fixed. Equality of temperature 
of the eggs was controlled by thermocouples. In one arrangement of the apparatus 
we used an electric circuit similar to that adopted [8] for measurement of heat emission 
of the chick egg. In the other arrangement a water heater in the form of a miniature 
coil of thin brass tubing along which water could flow at a definite temperature was 
inserted into the egg. The temperatures at the inflow and outflow were also measured 
by thermocouples (Fig. 1). The basis of the experiment was that by regulating the supply 
of energy to the “compensation” egg, the temperature of both eggs could be equalized. 
The heat production of the heater Q, obviously equal in this case to the heat production 
of the living embryo, was readily computed for the electrical heater from the Lentz- 
Joule equation: 

QO = 0:24El cal, (2) 


where E the voltage in volts; I, the current in ampers and rt, the time in seconds; and 
for the water heater from the formula: 


O = mcAt cal, (3) 


where m, the mass; c, the specific heat and Ar, change in temperature of the water 
flowing through the heater. 

The egg with the heater was also used to estimate the heat emission for a steady 
system. In addition, to measure a number of properties of heat exchange we used the 
methods of a “regular regime” [12] in particular, determination of heat loss from the 
rate of cooling. Newton’s law of cooling was taken as the basis for the calculations 
in this part of the investigation: 


O = a(t — 9)Sr, (4) 


where Q is the decrease in internal energy of the system, t, the temperature of the egg, 
§, temperature of the medium, S, the area of the egg, a, coefficient of heat emission, 


where the heat emission is H Qg a(t — 9). To find the coefficients of heat emis- 
St 
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sion by radiation, convection and evaporation we applied certain of the recommendations 
for heat measurements and determination of heat exchange in man [12-14]. 

The heat capacity and conductivity of the eggs was measured in a conventional 
calorimeter, its “water equivalent” was determined by means of on egg, the contents 
of which were replaced by water. 





























#)D 
Fic. 1. Arrangement for measuring heat production of embryo. A and B, thermocouples for controlling 


equality of temperature of eggs; C, thermocouple for control of water temperature of eggs; D, galvano- 
meter; E, water heater. Water enters from ultrathermostat and flows out into vessels for weighing. 


RESULTS AND DISCUSSION 


The normal heat exchange of a single duck egg during artificial incubation was stu- 
died under the following standard conditions: temperature of air and walls of chamber, 
6 = 37°50 +. 007°; velocity of movement of air over surface of the egg, v = 1:2 cm/s; 
relative humidity 52 per cent. 

The findings on the change in heat production and the temperature of the egg are 
given in Fig. 2; the graph depicts the mean results obtained on 6 eggs. The results 
of gaseous exchange from which the heat production curve was plotted are in good 
agreement with the values found earlier [15]. From the fourth to twenty-seventh day 
of development the quantity of energy freed in the egg increased more than 100-fold; 
during this same time the intensity of heat formation in the body and embryonic organis 
fell from 42 to 4 cal/g. hr. During the entire period of incubation the duck egg consumed 
8840 cm® (12-1 g) oxygen and gave off 6100 cm® (12-1 g) carbon dioxide which, at 
a respiratory coefficient of 0°72 corresponds to the production of 39,700 calories. 
The chemical analyses and determination of the calorie value of the eggs gave values 
of 39,983 and 40,184 cal respectively. It should be emphasized that, at least for the 


first period, the values of heat production reported were only of relative significance. 
The point is that the constants used by us in equation (1) for calculating heat production 
had been obtained in classical investigations on adult mammals including man. It is 
doubtful whether these methods are appropriate for indirect calorimetry in the early 
embryogenesis of birds. The special character of the mechanisms of respiration and 
nutrition in this case [16] and also the high probability of a process of anaerobic gly- 
colysis [3, 5] cannot fail to affect the actual value of the “calorific value” of the oxygen. 
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It is possible that this modification is reflected in the measurements of heat production 
by the embryo using calorimetric method. In the same figure (Fig. 2) results are given 
of heat formation of the embryo from the twelfth to twenty-sixth day of development 
based on estimation of the temperature within the egg. Analysis of the mean values 


Q. cal/hr 
t-6 TC 


200+ 4,0 














5 0 20 25 Days 


Fic. 2. Changes in heat production of duck embryo and inherent temperature of duck egg during incu- 
bation. Q, heat produced; continuous line gives results of indirect calorimetry; dotted line, results of 
direct calorimetric measurements; t—0@, difference between internal temperature of egg and tempera- 
ture of surroundings; ¢;—90, difference between surface temperature of egg and surroundings; abscissa, 


days of development. 


shows that they are all below the corresponding figures for indirect calorimetry; this 
difference amounted in the middle period of incubation to about 12 per cent of the 
total energy expenditure with a tendency to a gradual and relative reduction. 

The curves for the internal (f) and surface (f;) temperatures of the egg agree with 
the heat production curve. In the first days of incubation the egg was 0°1—-0°15° colder 
than the surrounding air because the heat production of the embryo at this time was 
much less than the heat emission by evaporation which within certain limits was not 
dependent on whether the difference in temperatures was positive or negative. From 
the tenth day of incubation the temperature of the egg became higher than that of the 
environment exceeding it at the time the duckling hatched by 3-1°. Certain delays 
in the rise of the temperature within the egg were observed on the ninth, thirteenth, 
eighteenth and twenty-fifth day of development, whereas on the twelfth, fifteenth, 
nineteenth and twenty-sixth days it rose particularly rapidly. These times correspond 
quite well with periods of growth and differentiation of the duck embryo [15]. 

Heat transmission within the egg, because of the high viscosity of its contents, 
occurred in the main by conductivity. Limited convection may occur in the amnion 
and the air space and also in connexion with the movements of the embryo and turning 
of the eggs. As the temperature measurement at different points of the egg showed, 
its temperature range is complex and variable. The dynamic character of the range 
increases with the temperature gradient and only depends to a minor degree on the 
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conditions of heat exchange. Heat flow in the egg is directed from the embryo to the 
shell but heat source in this case is not centrally located and in different directions 
from the embryo media are found with different values of heat conductivity. Therefore, 
the surface of the egg is not isothermic. 

The specific heat of the duck egg ¢ on incubation fell on average from 0-82 
to 0-78 cal/g. deg. The heat conductivity 2 persisted at a level of about 4-210" 
cal/em . sec . deg. Since both values are connected by the relation 2 = acy, where 
a is the diffusivity of temperature and y the volumetric weight and since the pro- 
duct cy on incubation diminishes appreciably then the diffusivity of temperature of 
the egg a must increase. As Romijn [8] found, the allantoic blood circulation 
does not play an important role in heat transfer fo the periphery of the egg. Therefore, 
this change may be explained simply by the increased size of the body of the em- 
bryo. On the other hand, it is connected with change in the coefficient of cooling of 
the egg during incubation. 

Using duck eggs with thermocouples as a katathermometer we found the coefficient 
of heat emission a = 1°87 x 10-4 cal/cm?. sec. deg. In addition, “the surface coef- 
ficient of cooling” a’ with a similar réle but associated not with the mean temperature 
of the whole mass of the egg but only with the mean temperature of the surface t, was 
determined : 

H 
t,—6 

The value for the fresh egg was 3-43 x 10-4 cal/cm? . sec . deg. The relation between 

both coefficients is characterized by the equality: 


a ty—6 


But as the graph in Fig. 2 shows, during incubation there was a relative convergence 
of external and internal temperatures of the egg; the ratio t,—0/t—0 increased from 
0°56 on fifteenth day of development to 0-68 on twenty-seventh day. Comparison of values 
of heat emission computed from these coefficients with the values found calori- 
metrically established that the actual value of a for the incubated egg changes little 
whereas the valne a’ fell and by the time the duck egg hatched it reached 2°81 x~* 
cal/cm?-sec.deg. For high temperature differences (5—20°) an empirical formula was 
found describind the relation between a and t—§ for duck eggs of standard size: 


1 
a = 1-72x 10-*(t—6)°. 


The reduction in the surface coefficient of cooling was due to change in the 


relative rdles of evaporation, radiation and convection 


H= HH +H +H... (5) 


evap r c 
Heat emission by evaporation (H,,,,) is determined from the latent heat of evapor- 


ation which at 37-°5° = 5763 cal/g. During the entire period of development the 
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duck egg lost on average 11-6 g water corresponding to 6685 cal. As the table 
shows, up to the tenth day of incubation all heat emission was through evaporation. 
By the twentieth day its relative réle had rapidly diminished and by the end of develop- 
ment evaporation, although becoming more intense, accounted for only 9-10 per cent 
of the entire heat loss. The increase in heat emission by evaporation at this time was 
connected not so much with a rise in temperature of the egg with passage of the 
embryo to the new, pulmonary type of respiration [16]. 


TABLE 1. CHANGES IN HEAT EMISSION OF DUCK EGG DURING INCUBATION (cal per egg per hr) 


Days of Heat emission Heat emission Heat emission 
by by by Total heat emission 
development evaporation radiation convection 


9-8 
8-2 
7:7 
7:8 
9-1] 
9-6 
10-5 
10-8 
13-9 
16°6 


H, cal/em? . sec X 108 
{6+ 





020 30 40 30 60 ™ 
v, cm/sec 





Fig. 3. Heat emission (H) of (egg as function of velocity of air movement (v) 
with values for the difference (¢;—6) of 1, 2 and 3°, 


Heat emission by radiation H, and by convection H, occurred only after the tenth 
day of development when the temperature of the surface of the egg was higher than 
that of the surrounding medium. Calculation of H, was made on the basis of the Stefan- 


Boltzmann law for grey bodies: 


H, = ea (Ti—T?) (6) 
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or for small differences in temperature: 


H, = 4e0T?(T;—T,.). (7) 


where 7, and T.. are the absolute temperatures of the surface of the egg and the walls of 
the chamber; oa, Stefan’s constant equal to 1-365 x 10~!* cal/cm® sec. deg*; ¢, the de- 
gree of blackness of the surface. To determine ¢« the experiments of Romijn and 
Lockhorst were repeated. In the duck egg it was equal to 0-78. If we now take 7, 
in equation (7) as equal to 310-7°K (37.5°) then the coefficient of heat emission by 
radiation ar will be 0-795 x 10-4 cal/cm?.sec.deg and the surface coefficient of 
cooling by radiation about 1-28 x 10~* cal/cm?.sec.deg. In the second half of in- 
cubation the loss of heat by radiation was from 40-45 per cent of the entire heat 
emission. 

Correspondingly, heat emission by convection accounted for 45-47 per cent. Use 
of the general formula applied in similar cases [14] and the findings on the depend- 
ence of heat emission on the velocity of air movement (Fig. 3) enabled us to find an 
expression for calculating heat emission of the egg by convection: 

H, = 3-36 x 10-5 (1-46+y v) (t — 8). 


Cc 


In standard conditions when v = 1-2 cm/sec the coefficient of heat emission by 
convection a, fluctuates around 0-86 x 10-* cal/cm*. sec. deg and the surface coef- 
ficient of cooling by convection a’. changes inversely as the temperature difference 
(from 1-55 x 10“ on the tenth day of incubation to 1-32 « 10-* cal/cm?.sec. deg. 
on the twenty-seventh day.) 

Such are the main characteristics of heat emission of the single duck egg in steady 
considerations, describing its dependence on temperature difference and movement 
of air. As for the air humidity, its effect on heat exchange in eggs, contrary to the 
widely held view, is negligible. Firstly, in conformity with Newton’s law the cooling 
coefficient in air does not depend on its humidity; secondly, the humidity of the air 
makes virtually no difference to the rate of water loss by the egg [17]. 

The problem of the interaction of temperature and heat production is more complex 
since it is connected with study of the thermokinetics of the developing embryo. The 
intensity of heat production is determined by the rate of oxidative reactions in the body. 
Arbitrarily taking this relationship as a single value and using Arrhenius’s equation 
it is possible to represent the connexion between heat production and temperature 
in the following way: 

QO, = Qe R Ps r ) (8) 
where Q, and Q, are two different levels of heat production for absolute temperatures 
T, and 7,; e, the base of the natural logarithms; R, the gas constant equal to~2cal/deg. 
mol; £, the appearent energy of activation. It has long been established that the depend- 
ence of gas exchange G in the chick embryo on temperature is to a certain extent 
governed by van’t Hoff’s law and for a temperature coefficient of Q,) = G,/G, for 
AT = 10° different values have been reported [3, 6] from 1-7-15. We measured the 
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oxygen consumption by duck embryos at different temperatures from 34-42° during 
the second and third hour of exposure in unchanged conditions. The results of the 
measurements in Table 2 shows that the dependence of gas exchange on temperature 
during development decreases so that the temperature coefficient computed according 
to equation: 


10 (log G,—log Gy) 
log Qre 1s" (9) 
T, : To 
fell from 5-4 at the start of development to 1 by the last days of incubation. Moreover, 
lowering of the temperature of the egg on the seventeenth day of development caused 


a certain increase in the exchange. This manifestation of the embryo is probably 


TABLE 2. RELATION BETWEEN OXYGEN CONSUMPTION OF DUCK EMBRYO AND. TEMPERATURE (cm?® per hr) 


Days of Temperature of egg (°C) 
develop- 


ment i : E 42 


4-21 
16°51 
20-54 
32°63 
40-30 
50-14 


nothing other than rudimentary chemical heat regulation. It must be emphasized 
that the value of Q,, obtained and the detection of an inverse relation between 
gas exchange and temperature are strongly dependent on the conditions of performing 
the experiment and, in particular, on its duration, since where the temperature deviates 
considerably from the optimum, the level of exchange constantly changes. 

Accordingly, it was of interest to study the dynamics of heat exchange with changes 
of temperature of the surroundings all the more so, since periodic cooling is a char- 
acteristic feature of the normal sequence of incubation of duck eggs (both in natural 
and artifical conditions). 

The physical aspect of the problem may be related to the theory of the “regular 
regime” [12]. Its starting point is Fourier’s equation for heat conductivity: 


It 
: aV?t- Q 


OT Cr 


(10) 


where a is the diffusivity of temperature; V*/, the operator of Laplace of the function 
t, O/Cr, the intensity of the internal source of heat related to the total heat capacity 
of the body. In accordance with the theory of partial differential equations, for the 
case in which regular cooling of the body is noted with a constant temperature field 
and observance of the conditions; 4 = constant, a = constant (does not depend on 
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t) the general integral of equation (10) will be an equality reflecting the regularity of 
cooling: 
t,—0 = (ty—O)e—™-WA-9), an) 


, : l as 
where m is cooling during which m ; 0, the ratio between heat production 
T c 


and emission at the moment of time t, defined by the equality: 


Q 


O ; 
aSt(t, pens 6) 


Solution of equation (11) presents in our case great difficulties because, in fact, 
both the rate of cooling and heat emission of the egg and heat production of the embryo 
bear a different relation to the difference t, — 6. Moreover, the applicability of equation 
(8) to express the dependence of heat production on temperature is very limited since 
during development of the embryo increasing importance attaches to purely functional 
aspects. However, with ageing of the embryo for the same t, — 6 the product m(1 — 4) 
varies little. Therefore, the cooling curves for the egg at different stages of incubation 
are similar (Fig. 4). Comparison of the actual cooling curve for 25-day-old eggs with 
the curve corresponding to the condition Q = constant shows that at the start of the 
experiment cooling is slowed down because of an increase in the heat production 
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Fic. 4. Cooling curves for duck eggs in stationary air at temperature of 20°. 1, first day of incubation; 
2, on tenth day; 3, on eighteenth day; 4, on twenty-fifth day; 5, heat production remaining constant, 


the curve would have this form on twenty-fifth day; abscissa, time of cooling; ordinates, temperature 
difference. 


of the embryo. After the egg temperature has dropped to a certain level the direct 
dependence of heat production on temperature becomes manifest and is intensified 
with a resulting speeding up in cooling. 

Finally, a few remarks on heat exchange in eggs on brooding and artifical incubation 
in incubators. During brooding, because of contact heating and the position of the 
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egg between the body of the broody hen and the flooring the greatest réle is played 
by conductive heat transmission which can be described approximately by the equation: 


O.=A < S,.7; 
x 

whe re Q, is the quantity of heat transmitted in time t through the area of the horizontal 
section of the egg S,,, from the upper to the lower parts of the surface of the egg, having 
respectively a temperature of ¢, and f, and separated by distance x. As Tret’yakov 
[18] has shown, ft, — f, varies from 3-5-4-5°. Therefore, QO, from the very start of 
brooding has the same values as heat production of a 13—14-day-old embryo and exceeds 
by 2 to 3 times the heat flux due to the inherent temperature gradient and atmospheric 
heating of the egg. 

On incubation of a large number of eggs closely packed in trays in covered incubators 
the opposite phenomenon is, in part, observed. Each egg, from all sides is surrounded 
by other eggs, with the same surface temperature. It is understandable that in such 
conditions heat emission by radiation is minimal and the total heat loss determined 
in the main by convection. Since H, depends not only on the difference in temperature 
but on the velocity of movement of the air, the latter exerts a great effect on the temper- 
ature conditions for the embryo in the second half of development. Usually, in com- 
mercial incubators (“Rekord-39”, “Rekord-42”) the velocity of motion of the air 
flowing round the egg does not exceed 9-10 cm/s. Therefore, the differences (t — 0) 
and (f, 6) may be 25-30 per cent greater than in the case of single egg in an air 
thermostat. This means that at an atmospheric temperature of 37-5° the temperature 
of duck eggs in incubators at the end of incubation may reach a value of 41-5° and 


higher which is often the cas2 in practice. 


SUMMARY 


(1) The quantity of heat formed in oxidative processes and related to each gram 
of oxygen consumed increases during the development of bird embryos. 

(2) The difference between the temperature of the egg and of the surroundings 
is proportional to the level of heat production of the embryo. 

(3) During incubation the total heat capacity and the surface coefficient of cooling 
of the egg diminish but the rate of cooling increases independently of the intensity 
of heat formation. 

(4) Up to the tenth day of development the whole heat emission of the egg is ac- 
counte d for by evaporation. In the second half of incubation heat emission by convection 
and radiation accounts for up to 90 per cent of the total heat loss of the egg. 

(5) The direct dependence of the intensity of heat production of the embryo on 
tempe rature decreases during development; at the moment of hatching of the duckling 
the first signs of chemical heat regulation of cooling appear. 


The heat exchange of eggs under the broody hen and in an incubator is of a quite 


diffe rent character. 
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INDEX OF HEAT CIRCULATION ON SUPERCOOLING 
OF THE BODY 
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THE body maintains thermal equilibrium by keeping a dynamic balance between heat 
production and heat emission. Change in the relation between them leads to fluctuations 
in the body temperatare with fall in body temperature when the heat given off 
exceeds that produced. 

In normal conditions the physiological fluctuations in the body temperature of 
warm-bloded animals are small; from tenths of a degre to one degree. If conditions 
contributing to a lowering of the tempertature are created the fluctuations may become 
considerable. A sharp lowering of body temperature can be readily achieved by the 
combined effect of cold and pharmacological agents. In recent times, such super- 


* Biofizika 6: No. 1, 100-107, 1961. 
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cooling, which has received the name hypothermia, has attracted much attention amongst 
clinicians. 

The physiological bases of this complex have enabled it to be used not only in 
therapeutics, especially for surgical purposes, but also for restoring extinct vital func- 
tionsof the body—so-called resuscitation. 

Numerous experiments have established that hypothermia is more readily toler- 
ated, the more energetically the body temperature is reduced. Therefore, it naturally 
follows that there is a wish to make a fuller study of the mechanism of heat emission 
at different levels of hypothermia in order to be able to control the process of heat 
regulation in accordance with the requirements of the body undergoing cooling. How- 
ever, despite the undoubted interest of investigators in this problem, it has still not 
been considered in its own right. Nor have comparisons been made of heat emission 
by the body for the different methods of inducing hypothermia. 

In the living body the process of heat emission is determined by the conditions 
of the surrounding medium and the physiological state of the body. It is most likely 
that their effect is delimited; physiological variables regulate transmission of heat 
from the deep-lying layers to the skin and the physical variables used in producing 
hypothermia regulate transmission from the skin to the surrounding medium. 

To determine heat emission it is possible to make use of Newton’s law according 
to which the quantity of heat (dr) emitted by the surface (S) of the body to the en- 
vironment per unit time (d@) is proportional to the difference of the body temperature 
T and that of the surrounding medium @: 


dQ = a(T—8) Sdr, (1) 


where the coefficient of cooling a is a constant for the given conditions and is meas- 
ured in erg/cm®. sec. deg. 

If the body is cooled energetically so as to stop the production of heat within it, 
then intergration of this differential equation would indicate the exponential character 
of the lowering of the body temperature and the curve expressing this law must ultimate- 


ly, approximate asymptotically to the temperature of the cooling mixture. This is 
of special interest in understanding the changes which occur in experiments on hypo- 


thermia. 

Hypothermia, as is known, is the term used to describe artificial lowering of the 
body temperature of warm-blooded animals beyond the physiological norms. A dis- 
tinction is drawn between acute and chronic hypothermia. By acute hypothermia we 
understand energetic physical cooling of the body accompanied by a relatively per- 
sistent lowering in the body temperature. Chronic hypothermia develops after the 
prolonged action of the surrounding medium on the body and is characterized by 
a slow fall in the body temperature. The possibility of using acute hypothermia in 
medical practice justifies our resort to Newton’s law which gives some idea of the 
characteristics of the heat emission of the body. Moreover, the emission of heat by 
all possible pathways may be taken into account; convection (transfer of heat by the 
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blood), conduction (movement of heat from deeper lying tissues to the body surface) 
and radiation of heat (transmision of heat to the surrounding medium). 

However, in this form Newton’s equation is not entirely suitable for determining 
the emission of heat by the living body. Barton and Edholm [1] propose a simpler 
formula for calculating the heat emitted: 


H (T—T;) 
= > (2) 
S I 
where H is the heat emitted in kcal per hr; 7, the body temperature; 7,, ambient tem- 
perature; J, a coefficient (the reciprocal of a) representing the “heat insulation” of 
the body. Its value is determined by the rate of blood flow and the level of thermal 
conductivity of the tissues. 
Those derivatives which, in the view of the authors, better correspond to the nature 
of heat emission by the body [1] are derived from this universal formula: 
(a) for thermal conduction (flow of heat from the internal organs to the skin): 


: T.- T, 
a" 


H - (3) 


where 7., the temperature of the internal organs,; 7,, skin temperature and /,, heat 


insulation of the body tissues; 
(b) for heat radiation (heat flow from skin to external air) 


(4) 


where 7,, temperature of the bodies surroundings; /,, heat insulation properties of the 
air for this part of the skin. 

In experiments with hypothermia where loss of heat by evaporation from the surface 

of the animal skin is not important, H, = 1-21 H. By eliminating H, and H we obtain: 

I, To—Tr 


I; T; 


1-21, 


whence it follows that 
I, 1-21 internal temperature gradient 
} external temperature gradient 


The ratio of the external to the internal temperature gradient has been defined 
as the “index of heat cirulation”., The value of the index indicates both the possibility 
and the magnitude of heat transfer from the body to the ambient medium. If we bear 
in mind that it is precisely these factors which determine the onset of protective inhibition 
of the cerebral cortex so leading to economic utilization of macroergic compounds, 
to reduction in the tissue oxygen requirements and the production in the body of are- 
flexia, then it may be considered that the index of heat circulation is primarily 
an indicator of the character of the changes in the body of the greatest practical interest. 
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To study the course of heat circulation experimentally, 9 nominally healthy dogs 
aged from 3 to 7 years were cooled from 39-38° to 20—-19°C by lowering the body 
into iced water at a temperature of +4 -— +5° and 4 dogs were cooled to the same tempera- 
ture through the external integuments of the head. Deep narcosis was maintained in 
in all experiments. The body temperature was measured by the pick-ups of a universal 
electrothermometer. 

The values of the gradients computed by us indicate that as hypothermia progresses 
from mild to deep and sometimes even to the severe stage, the index of heat circulation 
always changes in characteristic fashion. As Table 1 shows, the movement of heat 
from the internal to outer layers differed even for a uniform degree of hypothermia. 
The highest index of heat circulation was observed by us in the head and the lowest 
near the tail (Fig. 1). It is obvious that along the pathway of the heat flux 
the heat insulation is not uniform in the different sections of the body being greater 








Fic. 1. Index of heat circulation (A): a, normal; b, immersion in ice-water. Hypothermia: c, mild; d, 
moderate; e, average; f, deep; g, severe. Reheating: h, after 10 min; i, after | hr; j, after 24 hr. 1, fore- 
head; 2, hip; 3, percentage reduction of heat circulation index. 


in the extremities than in the head region. Our results are in agreement with the findings 
of Barton and Edholm [1]. 

If we have correctly interpreted our findings, they may provide a biophysical basis 
for the existing techniques of supercooling the body. It follows from the material 
presented, that the more effective lowering of body temperature is achieved by super- 
cooling through the external integuments of the head. With this method of producing 
hypothermia, the external temperature gradient falls rapidly and the internal one 
very slowly. Such a manner of heat loss is adventageous in that it excludes, or at 
any rate considerably reduces the possibility of appearance of the most serious com- 
plications of hypothermia—ventricular fibrillation—without at the same time weakening 
the development of inhibition in the cerebral cortex. 

The soundness of this conclusion is also confirmed by the value of the index of 
heat circulation computed from the experimental results on supercooling of the body 
through the integuments of head. As the results of these experiments (Table 2) show, 
the difference between the internal and external temperature gradients was particularly 
high. Moreover, as can also be seen, with deepening of hypothermia the external tem- 


perature gradient fell more strongly than the rise in the internal gradient. 
The correlation between the internal and external gradients on deepening of hypo- 
thermia by general cooling changed in conformity with the condition of the mechanism 
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of heat regulation. In conditions of mild (37-35°) and moderate (35—32°) hypothermia, 
the internal temperature gradient rose and the external one fell (Figs. 2 and 3). On 
passing to hypothermia of average intensity (32—26°) the drop in the external gradient 
was somewhat retarded and the internal one conversely increased. This change is of 
undoubted practical interest since in our view it indicates reduced heat insulation 








Fic. 2. Hypothermia: a, mild (38-36°); b, moderate (35-—32°); c, average (31-27°); d, deep (26-22°); 
e, severe (21-19°); f, normal; g, narcosis; h, immersion in ice; i, immersion in hot water. Reheating: 
j, after 30 min; k, after 1 hr: 1, after 3 hr; m, following day. 1, muscle; 2, forehead; 3, front leg; 4, hip; 


5, chest. 


and accordingly slighter loss of heat. Even before our own work it was established 
that such a change in temperature is indicative of stable dilatation of the blood vessels. 
An acceptable explanation for this was also found in our experiments. 

It is known that the onset of cooling usually causes the appearance of spasm of 
the vessels of the body surface [2]. However, the spasm is transitory and replaced 
by reactive dilatation of the vessels, arising probably as a result of sympathetic excitation. 
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Fic. 3. Value of gradient (A). 1, internal gradient; 2, external gradient: a, normal; b, immersion in ice 
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bath. Hypothermia: c, mild; d, moderate; e, average; f, deep; g, severe. Reheating: h, after 10 min; 
i, after 1 hr; j, following day. 


In this we see a defence reaction, a peculiar “play” of the vasomotors contributing to 
change in the lumen of the vessels as a cooled regime of the animal comes about. 
Therefore, the dilatation of the blood channels must be considered as a reaction char- 
acterizing like the one given above, passage from superficial to deep (26—22°) hypo- 
thermia during which heat emission is always intensified. 

The passage we observed from superficial stages of hypothermia to deeper ones 
Suggests that in the stage of incipient hypothermia the body maintains its mechanism 
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of heat regulation and therefore it exists as a homoiothermal organism. With reduction 
in the body temperature and a considerable fall in the index of heat circulation, the 
heat regulating mechanism is disturbed and this produces conditions leading to the 
appearance in the body of properties peculiar to a poikilotherm. The possibility of 
such a change is quite feasible and corresponds to the ideas of Pavlov who indicated 
the dual thermodynamic nature of the body of the warm-blooded animal. 

In dealing with this problem Pavlov wrote: “the organs of the warm-blooded animal 
can with good reason be divided into two groups; those with a constant high tempera- 
ture and those with a variable one, sometimes dropping well below the level of the 
internal temperature. There is bound to be a physiological difference between the 
tissues of the internal cavities which have a diurnal temperature fluctuation of at most 
1° and the tissues and organs of the skin, the temperature of which may vary with 
impunity by 10-20° and more. Consequently, the warm-blooded animal may be re- 
garded as itself consisting of two halves—warm-blooded and cold-blooded” [3] (our 
italics—L.M.). 

As can be seen from the findings presented, the transition from homoiothermia 
to poikilothermia is quite a complex process, and appears probably after exhaustion 
of all the other possibilities open on the body for maintenance of normal heat regulation. 
The validity of this can be demonstrated by examples of changes in heat production 
and emission of the individual organs participating in regulation of the heat balance. 
The most convenient for external observation of such changes are the lungs, the act 
of respiration serving as the criterion. 

The participation of the lungs in heat production has been demonstrated by many 
workers [2, 4, 6-8] on the basis of the active and selective participation of the lungs 
in metabolism. It has been shown that on the foodstuffs entering the body the lungs 
utilize chiefly the fats, this is particularly so when the temperature of the ambient medium 
is below the comfortable one. 

Trincher [7] points out that organs with a dual function were formed even during 
evolution. Their réle, obviously, is transmission of heat when heat production is excessive 
and heat production when the heat loss is increased. If the body is surrounded by 
a low-temperature medium (7j\,w), as is always the case in experiments on hypothermia, 
then the homoiothermal animal in order to maintain the required temperature must 
produce extra heat and this all the more vigorously the greater the drop in temperature. 

The equation of heat balance in the warm-blooded animal in those conditions 
has been expressed by Trincher in the following form: 


l ; : 
= X,Xx, ea gim! = K (Tx — Now): (7) 
efficiency /; 


The conclusions deriving from this thermodynamic theory of the homoiothermal 
system were also confirmed by our findings on change in respiration with gradual 
deepening of hypothermia. 

We found that cooling always modified the depth of the respiratory movements. 
With initial lowering of body temperature (38—36°) it either remained at the normal 
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level or slightly fell. A similar minor change in the depth of respiration occurred for 
a body temperature of 34~-33°. With a fall to 32-30° the respiratory movements were 
deeper for some time. On further development of hypothermia (26—24°) respiration 
became laboured with a minor convulsive character best seen in the inspiration phase. 
With the onset of severe hypothermia (22-19°) these disturbances vanished and res- 
piration again become deep. 

The frequency of respiration also changed in parallel with the degree of hypothermia. 
At the start of the general cooling of the body, respiration was quickened for some 
time. Mild hypothermia was accompanied by a minor fall in the frequency of the 
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Fig. 4. Change in frequency of respiration (7) on cooling. 


respiratory movements. But it is most probable that in this phase the lungs still pro- 
duced a considerable quantity of energy. On passing from one stage of hypothermia to 
the next, there were bursts of increased frequency of the respiratory movements. As 
the results of 92 and 127 experiments (Fig. 4) show (sic), the heat emission fluctuated 
very considerably. With further deepening of hypothermia several critical points of 
frequency change appeared. However, as soon as hypothermia of average degree set 
in, the frequency of the respiratory movements decreased even more rapidly. In pro- 
found hypothermia, the frequency of respiration fell to 5-8 per min and remained 
at this level during severe hypothermia. 

The change in frequency and depth of respiration led to change in pulmonary 
ventilation. At the start of cooling it rose somewhat and at 33-32” had returned to 
the original level. With a fall in body temperature to 28-26° pulmonary ventilation 
had decreased by one-third the original value and at 25-23° by two-thirds, while at 
20° it was only one-quarter of the original value. 

On supercooling the body through the external integuments of the head, the changes 
in depth and frequency of respiration were less than for whole-body cooling. In our 
view, the reason is that the heat-producing réle of the lungs is greater, the more drastic 
the supercooling as in the case of lowering the body into an ice bath. As the index 
of heat circulation indicates, on supercooling the body only through the external 


integuments of the head, the heat loss via the lungs on which the cold did not act 


directly became relatively small. Consequently, in this respect too, flow of heat, from 


the head is more advantageous because the temperature of the brain and, what is 
particularly important, of the cerebral cortex falls vigorously with retention of the 
maximum production of heat necessary for the body. 

Our findings suggest several conclusions relative to the practical applications of 


hypothermia. 





Index of heat circulation on supercooling of the body 
CONCLUSIONS 


There was always regular change in the index of heat circulation, expressing the 
ratio of the internal to the external temperature gradients, on deepening hypothermia. 
The highest index was observed in the cranial part of the body thereby indicating 
that the heat insulation along the path the heat flows from the internal to the external 
areas changes non-uniformly. 

With deepening of hypothermia by the method of whole-body cooling the corre- 
lation between the temperature gradients changes with the state of the mechanism of 
heat regulation. In conditions of mild and moderate hypothermia the internal gradient 
rose and the external one fell. In medium hypothermia the value of the external gradient 
fell more slowly and the internal one heavily. In deep hypothermia heat emission was 
considerably intensified. 

The index of heat emission points to a gradual transition from homoiothermia 
to poikilothermia. At the level of profound and severe hypothermia the body is 
characterized by properties peculiar to the poikilothermal organism. It is probable 
that homoiothermia gradually replaces poikilothermia in the restorative period. In most 
experiments with whole-body cooling the return to normal of the heat regulation 
mechanism started only when the body temperature had risen to 

At the transition from homoiothermia to poikilothermia the body brings into 
an active state all the physiological systems available at the time which are capable 


of ensuring maintenance of the requisite level of heat production. In these stages 


of hypothermia the temperature curve always has more or less appreciable “delays”. 


Starting from average hypothermia the change in temperature is more dependent on 
the effects of the cooling mixture. 

lt may be inferred from the heat circulation index that the most favourable con- 
ditions for the body are produced by supercooling through the external integuments 


of the head. 
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INCREASED RESISTANCE TO SHOCK ACCELERATION* 


MIROLYUBO\ 
“1 9 October 1959) 


problem of the protection of the body against damage from high acceleration 


first to point to the possibility of raising the ability of the 


en solved. The 


h acceleration was Tsiolkovskii [1]. As protection against ac- 


he human subject be lowered into a fluid of density equal 


tion he proposed that the 
Experiments with chick eggs prompted him to assume that man in the 

tate could withstand the acceleration occurring jn interplanetary space 

s known that the start of a space ship and its return to earth are accompanied 
ions of considerable magnitude.) However, this idea and also the other 

of the distinguished scientist did not receive due attention for a long time. 


curing the deve 


hamper and limit the efficiency of the pilot, did investigators turn anew to the 


lopment of speed aviation involving accelerations during flight 


of immersion in water as a method for increasing tolerance. 
experiments some data has been obtained indicating the possible use 


in fluid both against prolonged and shock accelerations. Protection 


3] and man [4] by the method of partial immersion in water when sub- 


1 acceleration has turned out to be ineffective. More favourable 


LO prolongec 
Ss were given by complete immersion of animals in water. 

scientists as discovered considerable increase in the 
animal ies t > effect of accelerations when completely 


[5]. Encour: Iso obtained by foreign workers [6-8]. 


tly, in connexion growing interest in flight in interplanetary space, 
attempts have been made to produce immersion cabins for humans [9, 10]. 
the published work does not contain sufficiently clear recommendations 
the practical application of the immersion method. Moreover, these investigators 
er to the pioneering work of Tsiolkovskii, although this problem was described 
n the works of this scientist dating frcm 1891 [1] but is also mentioned in 

etary Communications” [5]. 

[he purpose of our investigation was to study the protective action of water. At- 
empts were made to clarify certain aspects of the mechanism of protection. Our 
‘(periments were concerned with a study of the survival rate of white mice immersed 
n water and exposed to shock accelerations. Preliminary experiments were run on 
models. The investigations were carried out ona special stand in which the accelerations 
were the result of the shock of a freely falling system on a wooden beam. 
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To compare the results of the different experiments we employed an altitude descent 
in order to avoid errors in calculating the values of overloading. The mice were im- 
mersed in water before being thrown down and withdrawn immediately after the fall. 
Thus, the animals were in water in all for 5-10 sec, which could not appreciably influ- 
ence the results of the experiments. In the various experimental series the conditions 
of protection of the animals were purposively changed. The variations consisted in 
different depths of immersion, the distance to the bottom, the strength of the vessels, 
the hermetic seal and also the conditions of positioning. 
he experiments on models showed that the body immersed in fluid during the 
shock is exposed to increasing pressure of this fluid. The results of such an effect are 


shown in Fig. 1. 


Fig. 1. Effect of schock acceleration on a full aluminium container immersed in water. Sides of 


container buckled by increased water pressure. 


Some of the animal experiments were carried out with preliminary fixation in 
one of two positions: the first—horizontal, the mouse lay on its abdomen; the second, 
vertical, the mouse was suspended on a thread without a solid support (Fig. 2). In the 
first case, the acceleration acted in the transverse direction in relation to the body 
(abdomen—dorsum) in the second, in the longitudinal direction (legs—head). In the 


controls the absolute lethal height of the drop for mice wes determined without water 


(as the absolute lethal height we took the height, the fall from which caused the 


death of the animal within | hr. For mice in the horizontal position the absolute 
lethal height was 3°5m and for mice in the vertical 0°75 m. It should be noted 
that even for a drop from lower heights the behaviour of the mice sharply 
differed from normal ones. Where death was not instantaneous, they showed little 
movement, crawled only when pushed and reacted weakly to pain stimuli. These de- 


viations in behaviour were usually accompcnied by damage to the internal organs. 
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After establishing the absolute lethal height in the controls, experiments with prelim- 
inary immersion in water were run. The mice in the horizontal position were immersed 
in an open metal beaker to a depth equal to the girth of the trunk (4—4-5 cm) when 
the layer of water over the animal was extremely shallow. The mice were dropped from 
heights of 4-5 and 5-5 m (the weight of the dropping system with and without water 
was identical). All the mice survived and showed no deviation from normal in be- 
haviour. After their coats had dried out it was difficult to distinguish them from 
the untreated animals. When the mice were immersed to a far greater depth, 


Mouse fixed in vertical position. 


with the covering layer of water measuring 10 cm, a drop from this height led to in- 
stantaneous death of all the experimental animals. The mice in the vertical position 
were immersed in the same beaker up to the level of the neck and ears. The drop 
from 3, 4 and 5 m was quite safely tolerated by them (Fig. 3). With an increase in the 
depth of immersion, for an animal with a covering of 2-3 cm of water the drop was 
safe only from a height of 1-5 m. A height of 2 m and higher for this condition of im- 


mersion was fatal for all the experimental animals. The results of the other series of 


experiments are shown in Fig. 4. 


In experiments with preliminary immersion of the animal to the greater depth, 
death occurred instantaneously or after 1-2 min and was accompanied by clonic con- 
vulsions, spinning movements characteristic of vestibular disturbances, rare and deep 
respiration and haemorrhages from the ear and nose. The picture of changes in the 
internal organs in all the dead animals was similar, differing only in degree of damage 
corresponding to the height of drop and consequently, the magnitude of effective 
acceleration. The greatest sensitivity was shown by air-containing organs, such as the 
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lungs and inner ear, expressed in the latter in heavy haemorrhage and labyrinth dis- 
turbaces. The lesions of the lungs consisted in small haemorrhages in the tissues and 
regions of emphysematous involvement. On stepping up the acceleration the heamor- 
rhages became more copious, merging into foci giving the lung a spotty and marble 
appearance with alternating red and pallid areas. The margin of the lung, as a rule, 
was modified as in emphysema. With even more powerful action the lungs presented 
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Fic. 3. Endurance by mice of shock acceleration with and without preliminary immersion in water: 
a, horizontal; b, vertical position. I, absolute lethal height without immersion in water; II, safe height 
with preliminary immersion. 
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Fic. 4. Ratio of surviving mice to those which died from shock accelerations in various condition 

of immersion. I, dead animals; II, survivors. Experimental conditions: 1, no immersion in water; 

2, complete immersion in hermetically sealed vessel; 3, immersion to depth of 4 cm (girth of trunk) 

with fall from height of 15 m; 4, immersion to depth of 4 cm (girth of trunk) with fall from height of 

6 m; 5, immersion to depth of 5-10 cm below water level; 6, wall of container destroyed at moment of 
shock; 7, mouse floating, distance to bottom 5-10 cm. 
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continuous dark-cherry succulent mass which foamed on sectioning; sometimes a vivid 
streaky colour of the lungs was noted, the streaks taking the direction of the ribs. 
No lesions of the abdominal organs in the experiments with immersion in water were 

-d in contrast to the control animals. The only thing to be noted was the con- 

the organs of the peritoneal cavity and the mesenteric blood 

rain was anaemic or, on the contrary, its vessels were considerably injected 
not detected. 

from literature sources, such a picture of morphological changes 1s 

in cases of lesion due to a water or air shock wave [11-15]. This allows 

1 analogy between the mechanism of the damaging effect on increasing 


the experiments described here and the cases described in the 


The present experiments have confirmed the soundness of the theoretical conclusions 


lsiolkovski mmersion in fluid raises the resistance of the body to accelerations. 


one of the possible causes of this phenomenon reference must be made to the increas- 


the shock and its very even distribution over the body surface. 


SUMMARY 


1 of immersion of animals in water increases their resistance to the 


accelerations and permits falls from an altitude 6 times greater than 


ock accelerations the animal immersed in water is acted 


* the water which must be considered one of the 1 


the hydrostatic column of fluid over the immersed animal is 


importance in determining the efficacy of protection. 


ie survival of the animals is related to the strength of the walls of the container 
they are immersed. 
1e survival of the animals sharply increases with increase in distance from the 


the container in which they are immersed. 
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METHODS AND INSTRUMENTS 


ULTRA-VIOLET FLUORESCENCE OF THE FORMAL 
ELEMENTS OF THE BONE MARROW AND PERIPHERAL 
BLOOD OF ANIMALS AND MAN IN NORMAL 
AND PATHOLOGICAL CONDITIONS—I. ULTRA-VIOLET 
FLUORESCENCE OF THE BONE MARROW AND PERIPHERAL 
BLOOD OF ANIMALS AND MAN IN NORMAL 
CONDITIONS* 


Ye. M. BRUMBERG, I. YA. BARSKII, T.M. KONDRAT’EVA and N.A. CHERNOGRADSKAYA 
Institute of Cytology, U.S.S.R. Academy of Sciences, Leningrad 


(Received 5 September 1960) 


IN 1956 Brumberg [1] described a method of fluorescence microscopy based on observaiions obtained 
by means of an ultra-violet microscope, of the ultra-violet fluorescence of micro-objects not visible 
to the eye. It was shown on the basis of general considerations and experiments that the inherent fluores- 

e of most organic compounds included in the cells of biological specimens is located in the ulira- 
violet region of the spectrum. The experiments described in the above-mentioned work and subsequent 
investigations carried out in this field by Brumberg, Barskii, Meisel’ et a/. [2-5] on various objects 
of animal and plant origin confirm the basic assumptions of the method. In this work we describe 
Our experiments on the application of ultra-violet fluorescence microscopy to an investigation of the 
formal elements of the peripheral blood and bone marrow of animals and man (the first brief communi- 


cation on this problem is con 


APPARATUS AND PREPARATION OF SPEC!MENS 

Observation of the ultra-violet fluorescence of blood preparations was, as in the previous work, 
by the photographic method, using a specially re-designed MUF-2 ultra-violet microscope fitted with 
a quartz-fluorite achromatic transparent to ultra-violet rays and a speculum-lens optic. The filming 
was On astronomical photographic film of high sensitivity, non-sensitized in the case of photography 
of ultra-violet fluorescence (type A-500) and a panchromatic film (type A-700) for photography of 
the visible fluorescence of the preparations. 

Blood specimens, as with many other biological objects do not possess visible fluorescence. Before 
photography, in order to find the cells and to focus them sharply onto the photographic film, the pre- 


parations were weakly stained with the fluorochrome acridine orange. The fluorescence of this dye 
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does not disturb the pattern of ultra-violet fluorescence of the cells since it is limited to the visible 
region of the spectrum: absorption by acridine orange, used as a weak fluorochrome to stain the pre- 
paration of the ultra-violet fluoresence of the cells and of the ultra-violet used to excite this fluorescence 
does not appreciably lower the brightness of the image of ultra-violet fluorescence photographed 
From the image, visible to the eye, of the cells observed in the fluorochrome’s fluorescence we deter- 
mined their association with a definite type of formal clement of the bone marrow or peripheral blood 
and the degree of their damage [7]. The preparation was usually photographed successively in the 
transmitted shortwave ultra-violet which are strongly absorbed by nucleic acids and their purine and 
pyrimidine components and then in the ultra-violet fluorescence. Such microphotographs are repro- 
duced in the figure (I-VI) 

The source of the ultra-violet exciting fluorescence of the preparation was a SVD-120 A quariz 
mercury lamp. The excitation and observation of fluoresence were by a system of light filters, the first 
of which was positioned between the light source and microscope and the second in the photographic 
camera between the objective and photographic film. The ultra-violet fluorescence of the preparations 
was photographed employing the following light filters; in the illuminating system—a quartz 
cuvette containing chlorine and bromine gases transmitting in the ultra-violet region, 250-280 
my; between the objective and photographic film—a glass light filter transmitting in the 340-380 my 


interval. To observe or photograph the orange-green fluorescence of the fluorochromes a blue filter 
behind the light source and a complementary filter in front of the observer's eyes or photographic film 

respectively. Photography of the preparations in transmitted light was made with the gas- 
lorine and bromine gases) indicated above. 


crophotographs described in this article were taken with a quartz-fluorite objective lens 
0-80 « 58, water immersion, and a triple quartz-fluorite eye-piece. Further magnification of the film 
to sizes corresponding to the effective magnification of the microscope for the given objective (« 1000) 
was made by photographic enlargement. Illumination of the specimen to excite its fluorescence was car- 
ried out through the objective of the microscope by means of an diffuse-illuminator fitted with a special 
dividing mirror (8]. The illuminator had two interchangeable mirrors: (1) with maximum reflexion 


Nn 


ng 


th 260 my and transmission from / 300 mu and longer; (2) with maximum 
400 my and transmission from 4 300 my and longer. The first of these mirrors 
was used in photography of ultra-violet fluorescence of the preparations, the second during obser- 


vation and photography of the visible fluorescence of the fluorochromes. 


The exposures for photography of the ultra-violet and visible fluorescence of the preparations 


lasted 1-1-5 min for photography of the prepatations in transmitted ultra-violet it was 2-3 sec. 

The peripheral blood was investigated on the living cells from the peripheral vessels. The bone 
marrow was taken from the rat tibia or femur after killing the animals. In the rabbit, bone marrow 
was also taken from the tibia by puncture. The human bone marrow specimens were prepared from 
donor material obtained in the Leningrad Blood Transfusion Institute. We also investigated the fluores- 
cence of lymphocytes obtained from the inguinal lymph nodes of the rabbit and rat and from the rat 

rst experiments On the rat bone marrow preparations showed that living cells have 

‘let fluorescence and that as the cells die off theiz fluorescence weakens. In order, where 
possible, t ‘ep the cells alive to the time photography we adopted the following procedure. The 
blood o1 ne mar just obtained from the animal was placed in Ringer's solution between a quartz 
slide and cov nd put in a humid chamber. At the same time, a number of specimens were 
prepared which were then studied consecutively under the microscope. Before photography, the specimen 
was removed from the humid chamber, the excess fluid drawn off with filter paper, the cover glass 
sealed round the edges with melted paraffin and with the least possible delay the cells were photographed 
in transmitted ultra-violet and by their ultra-violet fluorescence. Despite the observance of these con- 
ditions, after a certain time the cells underwent damage as can be seen from the change in the pattern of 
visible fluorescence. Therefore, we curtailed the observation time for the cells, taking not longer than 
2 hr after obtaining the material. To obtain the lymphocyte preparations, the lymph nodes or thymus 
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extracted from an animal just killed were sectioned with a sharp razor on the slide in a drop of 
Ringer's solution. The lymphocytes were thus suspended in Ringer’s fluid. The specimen was further 
prepared as described above. 

For some experiments it was necessary to find a method of preparing the specimens in which 
the cells retained their fluorescence for a considerable time even after death. The previous experiments 
with selective extraction of substances from the bone marrow cells had established that the ultra-violet 
fluorescence of these cells is due chiefly to the nucleotides of the cytoplasm which are readily extracted 
from the dead cells by water and weak salt solutions [9]. To preserve the nucleotides when obtaining 
isolated cell nuclei, biochemists make use of isotonic sucrose solution [10]. Following this course, 
we also covered Our preparations with isotonic sucrose solution (8-5 per cent sucrose in Ringer’s 
fluid). The bone marrow and peripheral blood specimens retained the ability to fluorescence for a con- 
siderable time (more than 24 hr) even after the death of the cells. On placing cells damaged in any way 
in isotonic sucrose solution they continued to fluoresce for a long time with the same brightness as 
before. Hence, it is possible to fix, as it were, a definite “fluorescent state” of the cell. 

In passing, these experiments showed that the sharp fall in brightness of the ultra-violet fluorescence 
on death of the cells in saline is determined not by any specific changes in the state of the fluorescing 
substances in the dying cell but merely by release from the cell of these substances into the surrounding 
medium and possibly by a certain depolymerization of the nucleic acid components giving the fluores- 
cence. In those cases in which it was of special interest to detect living and dead cells in the prepara- 
tions, the specimen had to be placed in saline in which the living cells were clearly distinguishable from 
the dead ones by the brightness of their ultra-violet fluorescence. This, of course, applies only to a definite 
type of cell, the fluorescence of which is due to the presence in it of a labile form of RNA and nucleotides. 

In this work we used specimens prepared both in Ringer’s and sucrose solution. In both cases 
a fluorochrome was added to the solutions—acridine orange to a concentration of the dye of 1 : 100,000. 


ULTRA-VIOLET FLUORESCENCE OF THE FORMAL ELEMENTS OF THE PERIPHERAL 
BLOOD AND BONE MARROW 


By means of the apparatus described and the technique for preparing and photographing the pre- 
parations, we studied the ultra-violet fluorescence of the formal elements of the bone marrow and 
peripheral blood. The classification of the formal elements, as stated above, was determined before 
photography by means of visual observations in the light of the visible fluorescence given by the fluoro- 
chrome. This was necessary because in the photographs taken by the shortwave ultra-violet passing 
hrough the preparation and in the ultra-violet fluorescence, the structure of the nuclei from which the 
formal elements are determined could not be identified. The cell pattern in the visual field of the micro- 
scope was drawn with a designation of the type of cell and colour of the fluorescence of the cell structure 
yy photographed on panchromatic film. Such images were compared with the films of the same area 
of the preparation obtained in the light of ultra-violet fluorescence and in shortwave ultra-violet. The 
following results were obtained—in broad agreement in the experimental animals (rabbit and rat) and man. 

(1) The most intense fluorescence is displayed by myeloblasts, myelocytes and metamyelocytes. 
Among the cells of these groups we hardly ever came cross cells with only weak fluorescence (see figure, 
I, If] and V). 

The fluorescence of the bond cells and segmented neutrophils was less intense; moreover, its 


brightness varied markedly for the various cells. Among them there were often cells with heavily 


attenuated fluorescence and sometimes they did not fluoresce at all (see figure, Il). Such a difference in 
the brightness of the fluorescence of mature leucocytes is determined apparently by their different 
functional states (perhaps age). 

In the peripheral blood the fluorescence of the band cells and segmented leucocytes was even 
weaker than in the cells of these groups in the bone marrow (see figure, [V). It is possible to note a dif- 
ferent distribution of a substance which fluoresces in the ultra-violet region in the cells of the different 
groups of the myeloid series. In mature sells of this series—the segmented leucocytes and cells at the 
maturation stage preceding them (bond cells)—there is fluorescence of the cytoplasm against the back- 
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Cells of rat bone marrow and peripheral blood: a, in transmitted ultra-violet light, wavelength 250-280 
my; b, in light of ultra-violet fluorescence, wavelength 340-380 my. Fluorescence excited by light of 
wavelength 250-280 my. Objective, quartz-fluorite achromat 58 = 0-80, water immersion. 

I—(1) erythroblasts; (2) myelocyte; (3) myeloblast. 

II—cells of mature forms of myeloid series. 

I1I—megakaryocyte surrounded by cells of myeloid series. 
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IV 


[V—cells of peripheral blood: (1) lymphocyie; (2) erythrocyies; (3) segmented leucocytos. Centrally, 


among cells is a brightly fluorescing fibrin clot. 
V—erythroblasts. 
Vi—thrombocytes in rabbit peripheral blood: (1) lymphocyte. 
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ground of which the contours of the non-fluorescing or weakly fluorescing nuclei stand out (see II 
in figure). The fact that the non-fluorescing parts of the cell in this case corresponded to the nucleus 
was established by comparing the ultra-violet fluorescent image of the cell with the visible fluorescent 
image produced by a fluorochrome. 

In the young forms of the living undamaged cells (from myeloblasts to metamyeloblasts) a bright 
continuous fluorescence of the entire cell was observed (see figure, 1). In the moribund cells of this 
type, present for a long time in the preparation after obtaining the material, a nucleus without fluores- 
cence gradually started to make its appearance. We still cannot say whether the continuous fluorescence 
of the undamaged living cells of these forms is due to masking of the non-fluorescing nucleus by the 
brightly fluorescing cytoplasm or to the fact that in them the nucleus fluoresces as well as the cytoplasm. 

The ultra-violet fluorescence of the cells of this type as a rule was weakened in damage due to unspe- 
cific agents (oxygen lack, lowering of temperature, mechanical damage). In individual cases, this led 
to complete quenching of the fluoresc2nce (see figure, II). 

We noted that the brightness of the ultra-violet fluorescence of the leucocytes was associated with 
the amount of so-called “red granularity” observed in the cell cytoplasm when using the fluorochrome 
acridine orange; the more marked and brighter the intensity of the red granularity, the greater the 


I * the ultra-violet fluorescence of the cell [11]. 
2) The lymphocytes in the control animals in most cases fluoresced very weakly (see figure, IV). 


| 


However, the lymphocytes extracted from the lymph nodes fluoresced with about the same intensity 
as the mature leucocytes 

(3) The cells of the erythroid series—erythroblasts in the bone marrow and reticulocytes and 
erythrocytes in the veripheral blood—did not fluoresce at all (see figure, I, IV and V). 

(4) In the megakaryocytes very bright fluorescence was given by the cytoplasm against the back- 
ground of which the non-fluorescing multilobed nucleus was visible (see figure, III). The thrombocytes 
fluoresced brightly (see figure, VI). Obviously, the relatively bright ultra-violet fluorescence of the 
thrombocytes and the cytoplasm of the megakaryocytes was due to protein. 

Hence, from a large number of experiments (about 100 films for each cell type) it was established 
that in the bone marrow and peripheral blood in normal conditions in animals and man inherent fluor- 
escence | ocated in the ultra-violet region is displayed by cells of the myeloid series including mature 
leucocytes, megakaryocytes and thrombocytes. Fluorescence is also given by lymphocytes of the lymph 
nodes. The erythroblasts, erythrocytes and mature lymphocytes gave virtually no fluorescence. 

Of special interest for further research, in our view, is the variable fluorescence of the leucocytes 
which are obviously present in a different functional state and the difference in the ability of young 


and mature forms of lymphocytes to fluoresce. 


SOME ASPECTS OF THE ULTRA-VIOLET FLUORESCENCE OF THE BLOOD 


Our earlier experiments with selective extraction of substances from the bone marrow cells [9], 
as also the experiments described in this article on placing the bone marrow cells in sucrose solution, 
showed that the fluorescence of the cells of the myeloid series in the bone marrow is due to substances 
of a nucleic nature. In the living cells, the brightest fluorescence was displayed by “free” nucleotides 
and somewhat weaker fluorescence by ribonucleic acid (RNA); deoxyribonucleic acid (DNA) fluo- 
resced very weakly or not at all. 

T he work undertaken in Mirsky’s laboratory [12] has established that the number of “free” nucleo- 
tides in the cells is greater the more active their physiological state and the higher the metabolic level. 
This conclusion does not conflict with some of our findings. The young rapidly growing cells of the 
myeloid series of the bone marrow fluoresced more intensely than the mature leucocytes in a less active 
state. The lymphoblasts and polymorphonuclear cells in the lymph nodes fluoresced whereas in the 
mature lymphocytes of the peripheral blood fluorescence was almost absent. 

In this connexion it would be of the utmost interest to compare the intensity of fluorescence of 
different groups of the formal elements of the bone marrow and peripheral blood with their content 
of different substances of a nucleic or protein nature. Unfortunately information on the chemical 
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composition of such cells is very meagre, obviously because of the extraordinary complexity of making 
separate chemical analyses of the different formal elements of the bone marrow and blood. This infor- 
mation will obviously be easier to come by in the future using the method of quantitative cytophoto- 
metry rather than convential biochemical methods involving the difficult isolation of the blood compo- 
nents. An attempt at such measurements was made in the work of Brodskii and Suyetina [13]. However, 
they were concerned with the bone marrow cell nuclei, whereas in our case we were more interested 
in the fluorescing cytoplasm of these cells. All the same, even on the basis of the information available 
in the literature on the subject and chiefly on the basis of general ideas, it may be a‘firmed that there 
is by no means always strict correspondence in the cells, especially living ones, between the intensity 
of the fluorescence of the cell structures and their content of fluorescing substances. Thus, for example, 
it is difficult to accept that in the non-fluorescing lymphocytes or erythrocytes of the peripheral blood 
there is total absence of RNA and free nucleotides. The absence of fluorescence in erythroblasts of 
all orders is particularly surprising and must apparently be attributed to certain special conditions of 
the development and maturation of cells of the erythroid series. This phenomenon was constantly 
observed in all the peripheral blood preparations and also those of the bone marrow of both the animals 
investigated by us and man. Fluorescence was considerably stronger than the absorption of the fluores- 
cent substances, subject to the influence of physical and physicochemical factors operating in the 
cell, which may lead to increased brightness, or, on the contrary, to quenching of the fluorescence 
of individual substances present in the cell. This was vividly demonstrated in the experiments carried 
out on preparations of the pure substances. 

According to the observations of Agroskin, Korolev, Kulayev and Pomoshchnikova [14] the 
purine base guanine fluorescences only in acid medium with pH not higher than 2. However, Barskii 
[15] has shown that in the adsorbed state on filter paper guanine fluoresces quite brightly when applied 
both in acid and alkaline solutions (on treatment of such paper chromatograms with acid fumes, the 
brightness of the guanine applied to them increases). The brightness of fluorescence of guanine on paper 
is considerably higher than in solution. In the cell the nucleotides (chiefly of the guanine group [14]) 
fluoresce at a pH close to 7. Brightness of the fluorescence in this case is considerably higher than the 
fluorescence in solution at optimum pH. All this suggests that the cell nucleotides do not float freely 
in a “cell juice” in the form of a genuine molecular solution but are bound with certain rigid structures 
of the cell by certain quasi-chemical or adsorption bonds. Change in the strength and character of these 
bonds on changing the functional state of the cell may strongly affect the character of the fluores- 
cence of the substances involved in this process. At any rate, comparison of the fluoresence of pure 
substances in solutions with that for the same substances in the living cell must be made with the utmost 
caution. 

This complex relationship between the character of fluoresence of substances present in the cell 
and a number of physicochemical factors makes a theoretical interpretation of the phenomenon observ- 
ed most difficult. However, the high sensitivity of this fluorescence to the state of the substances in 
the living cell and the very possibility of observing it in the living cells obviously provide the investi- 
gator with a very fine instrument for study, even if as yet empirical, of the functional state of the cell. 

This work consisted of two parts. In the first, a description is given of the ultra-violet fluorescence 
of the formal elements of the blood and bone marrow of animals and man. The characteristic fluores- 
cence of the different types of formal element established in normal conditions were well reproducible 
in all the experiments and may be utilized to compare pathological blood with normal. 

In the second part of the work we sought by applying our previous observations and also those 
described in this article, to represent, be it in the most general form, the nature of the ultra-violet fluor- 
escence of the white blood cells and relate it to the presence of particular substances in the cells 
This problem turned out to be very complex and the results obtained are less well defined and as yet, 
still tentative, requiring further research. 

A possible contribution to elucidation of a number of problems concerning the nature of the 
ultra-violet fluorescence of the blood and, in particular in explaining the difference in the brightness 
of the fluorescence in cells of a similar morphological form (present in uniform conditions of the external 
environment but obviously in different functional states) may be afforded by study of certain pathol- 
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Ogical proces associated with intensification or weakening of the function of the various formal ele- 
ments of the blood. It stands to reason that such investigations are also of intrinsic interest for the 
relevant branches of medicine. We shall report, in our subsequent communications on this theme 


preliminary results of experiments undertaken by us in this direction. 
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WitH the development of electronics, electrophysiological investigations utilizing various amplifiers 
are common. As a rule, these are a.c. amplifiers varying considerably in their parameters. 

As is known, the size of the recordable biopotentials of different biological specimens is related 
to the resolving powers of the amplifiers determined by their inherent noise and may be measured 


in units from microvolts to tens of millivolts [1-4]. 


* Biofizyka 6: No. 1. 119-125, 1961. 
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The amplitude of the potentials recorded depends not only on the test object but on the condi- 
tions of recording, the type of electrodes and the characteristics of the amplifiers, in particular, the 
parameters of the input circuit. When using surface electrodes the magnitude of the input resistance 
is not critical; which is to be explained by the low output resistance of the source of the biopotentials 
as happens, for example, on recording the action currents of the intact muscle or a group of muscles 
by means of flat surface electrodes. 

With reduction in the number of cellular elements from which the biopotentials are recorded, 
there is an increase in the Output resistance of the sources of the biocurrents and, thereby, an increase 
in the shunting effect on the input circuits. This leads to reduction in the biopotential as recorded, 
the amplitude of which is less than the actual one. Since so far there have been no methods for calibrat- 
ing amplifiers which introduced a correction for the shunting effect of the input circuits, considerable 
errors in determining the amplitude of the biopotential are not a rarity. However, in modern electro- 
physiological investigations there has been a considerable growth of interest in accurate measurement 
of the amplitudes of the biopotentials. One way of increasing the accuracy of measuring the amplitude 
to increase the input resistance of the amplifier the maximum possible value. From this point of view, 
recording of the biopotentials of the specimens with a relatively high resistance (recording from nerve 
trunks, especially from the small branches, and from muscles) by means of needle or coaxial electrode 
and particularly intracellular recording by microelectrodes, imposes very rigid requirements on the 
amplifiers. Another factor which has to be taken into account is that with decrease in the diameter 
of the electrodes their contact and internal resistance increases, this is particularly marked in glass 
microelectrodes filled with solution of electrolyte, the internal resistance of which reaches several tens 
of MQ [5-8]. 

A d.c. amplifier with infinitely large input resistance and a very small input capacitance, with 


high sensitivity, low inherent noise, slight drift and a linear frequency characteristic over a fre- 
quency range from zero to 10-20 kc/s would from the point of view of investigating the shape and 
amplitude of the biopotentials undoubtedly be ideal. Such a device would make it possible to record 
signals of any shape and duration and very small value (in microvolts) but production of universal 


highly sensitive stable d.c. amplifiers encounters a whole number of serious difficulties. The d.c. 
amplifiers [9, 10] described in the foreign literature and intended for biological research cannot be 
considered universal because of a whole number of parameters. 

The d.c. amplifiers used in microelectrode intracellular recording are unsuitable for other elec- 
trophysiological investigations due to their low sensitivity (amplification coefficient of about 5000 
8000). Even analysis of “miniature” potentials obtained on interacellular recording (1-1-5 mV) is 
difficult with such amplifiers. As a rule, these amplifiers are converted from commercial oscillographs 
to which is attached a non-symmetrical remote cathode follower with high input resistance and low 
input capacitance [11]. 

As is known, non-symmetrical amplifiers in the conditions of a physiological experiment have 
a number of shortcomings, the most important of which is their high sensitivity to interference from 
the industrial and lighting mains with a frequency of 50 c/s. Moreover, non-symmetrical circuits are 
less stable than symmetrical ones. If we are concerned only with a biopotential changing rapidly in 
size, for example, the action currents of various excitable structures, then such processes can be suc- 
cessfully recorded by use of a.c. amplifiers. Since the production of a stable, highly sensitive a.c. ampli- 
fier with a low level of inherent noise and a sufficiently high input resistance is a realistic proposition, 
then such amplifiers can be successfully used in recording and analysing the various bioelectrical pro- 
cesses—except those which change slowly in time or are of constant value. If definite requirements 
are met an a.c. amplifier is suitable for work with any type of electrode, including microelectrodes 

An UBPI-O1 amplifier (amplifier of biopotentials) fulfilling such requirements has been designed 
by the staff of SKTB Biofizpribor, the external appearance of which is depicted in Fig. 1. 

The parameters and specifications of the amplifier are as follows: 

(1) Maximum amplification 5 x 10°. 

(2) The dynamic range selected permits recording without distortions of potential from 10 “V to 
150 mV. 
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(3) The amplifier has two inputs—(a) direct and (b) with a separate cathode follower. The input 
resistance of the amplifier with using the direct input is 14 MQ) with an input capacitance of not more 
than 40 wuF. Using the cathode follower the input resistance of the amplifier is 100 MQ with an input 
capacitance not exceeding 8 uuF. The direct input is intended for recording the biopotentials from 
specimens with a low Output resistance with electrodes possessing comparatively small contact resist- 
ance. The cathode follower is designed for work with specimens and electrodes with high output 
and contact resistances, in particular, with glass microelectrodes and intracellular recording. Both 
inputs may be used balanced or non-symmetrically. 


—~s 


= 


Fic. 1. General view of amplifier unit. 1, indicator tube; 2, separate cathode follower; 3, clamp for 

fixing cathode follower in stereotaxis instrument; 4, sleeve for connecting adaptor elbow when using 

glass microelectrodes (screwed into one of the input terminals of cathode follower); 5, coupling rod for 

fixing cathode follower on stand of micromanipulator; 6, plug connector for attaching electrode to 

direct input of amplifier; 7, cover of opening in the amplifier housing in which cathode follower to- 
gether with its cable is transported; 8, earthing cable with adjustable clamp. 


(4) The inherent noise of the amplifier for maximum amplification is not greater than 3 “V eff. 
with the direct input and 4-5 “V eff. with the cathode follower. The minimum signal which can defini- 
tely be recorded by the amplifier is about 10 “V for the first and 50 “V for the second input respect- 
ively. As tests have shown, the cathode follower can be used in practice both for intra- and extracel- 
lular recording which is particularly advantageous in connexion with its greater input resistance. 

(5) The frequency characteristic of this amplifier is linear over a range from 10 c/s to 12 kc/s with 
a non-uniformity not exceeding 3 dB. The frequency bandpass can be limited stepwise from high fre- 
quencies to 5 kc/s, 2 kc/s, 1 ke/s and 500 c/s and from low frequency to 75 c/s and 150 c/s. 

(6) The amplifier has stepped and continuous regulation of amplification which ensures a 5-fold 
change in sensitivity for each step. 

(7) The calibration voltages are 20 uV, 50 “wV, 250 uV, 1 mV, 10 mV and 100 mV. 

(8) The coefficient of discrimination of the cophased interference with a frequency of 50 c/s using 
balanced inputs is greater than 10,000. The high ability to discriminate noise enables the amplifier 
to be used for work without a screened chamber. 

(9) Provision is made in the amplifier for two balanced outputs, one of which serves to connect 
a loop oscillograph with a vibrator of the MOB2-V type, or one similar to it, and a second one for 
connecting any cathode-ray oscilloscope with the terminals of the vertical deflecting plates of the cath- 
ode ray tube. 

(10) For convenience the amplifier has an indicator cathode-ray tube intended for visual control 


of the process being investigated. 
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+ 





FIG. 











| L4- S63S 
































Fi? 


——= 


Py 























A. I. Laprtski et al. 


(11) Acoustic control can be arranged by means of telephones connected up to a special socket. 

(12) The amplifier is supplied from the a.c. mains with a voltage of 127 or 220 V at a frequency 
of 50 c/s. With variations in the voltage of the supply from + 5 to — 15 per cent the sensitivity of the 
amplifier changes by less than 5 per cent. The power consumed by the instrument from the mains is 
about 175 W. 

(13) The instrument is designed in the form of two main units: amplifier and supply unit. The 


basic electrical circuit (Fig. 2) includes the following: 


(1) Cathode follower 


This is assembled as a balanced circuit on a 6N2P type valve (L,). To increase the insulation, 
the input terminals of the cathode follower are mounted on a plate of fluoroplast (sic). From the output 
f the cathode follower the signal enters the input of the amplifier through switch P,_,. 


( 


(2) Amplifier 

The amplifier consists of four voltage amplification stages in cascade ascribed as differential 
circuits On 6N2P valves (L., L,, Ly, L;) and two output stages on valves type 6NIP (L, and L,). The 
signal arrives at the input of the first stage from switch P,_,. The circuit is balanced by potentiometers 
(R,,) in the grid circuit and R,, in the anode circuit (L,). Stepped regulation of amplification is achieved 
by changing the ratio of the arms of the potential dividers included between the first and second 
and third stages by means of switch P,_.. Smooth regulation of amplification is achieved by 
changing the degree of negative feedback by the potentiometer R;, between the cathodes of valve L;. 
The bandpass frequency is restricted by incorporation of capacitors of variable magnitued by means 
of switch P,_, (lower limits of band) and incorporation of capacitors shunting the anode loads of the 
three first stages (upper limits of band) by switch P,_;. The amplifier has two output stages; a stage of 
voltage amplification (L,) and current amplification (L;). From the stage of voltage amplification 
the signal is supplied to the terminals intended for connecting to a cathode-ray oscilloscope and to 
the vertical deflecting plates of the indicator cathode-ray tube, type 5L038 (Lj). From the output 
stage of current amplification the signal is supplied to the terminals intended for connecting to a loop 


oscillograph 


(3) Calibratoi 

The calibrator includes a stable RC generator of sinusoidal oscillations (L,,) and a potential divider 
composed of precision resistances (R-;-Rx,). Switch P;_, changes the ratio of the arms of the divider 
rom which the calibration voltage is supplied to the output of the amplifier. The frequency of the 
calibration signal is equal to 325 c/s (mean frequency of the narrowest bond pass frequency of the 
amplifier), this is necessary for non-distorted reproduction of the calibration signal in any selected 


frequency band 


(4) Indicator 

The indicator consists of a generator of sawtooth voltage by a MTKh-90 thyrotron (L,), a stage 
of amplication of the scanning voltage (L,—6NI1P) and a 5 L038 cathode-ray tube (Lj»). The sawtooth 
scanning voltage from the anodes of valve L, is supplied to the horizontal deflecting plates of the tube. 
The test signal arrives at the vertical deflecting plates from the putput of the amplifier. The scanning 


frequency is varied by means of the potentiometer R,.. The intensity and focus are regulated by the 


potentiometers Rj.. and Ryo, 


(5) Supply unit 

The supply unit consists of four rectifiers in which D7Zh crystal diodes are used. The voltage 
from the rectifiers B, and B, is supplied to electronic stabilizers. One of them ensures the supply to 
the anode circuits of the valves of the amplifier, the cathode follower and calibrator (400 V). The other 
ensures stabilized voltage (118V), the filament power supply of all valves of type 6N2P and the signal 


valve. The rectifier B, is intended for the anode supplies of the cathode-ray tube and is at 600 V. The 
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rectifier B, (400 V output) serves to supply the anodes of the valves of the output rectifiers and of the 
generator and the scanning amplifier. The filament windings of the transformer Tr, ensure supply of 
the filaments of all the other valves and the cathode-ray tube. The primary winding of the transformer 
is computed for inclusion in an a.c. network with voltage of 127 and 220 V and frequency 50 c/s. 


b 
Fic. 3. Action potentials of nerve and muscles: a, action potentials of frog sciatic nerve; b, action 
potentials of frog sural muscle. Stimulation of lumbar plexus with square supra-maximal stimuli. 


A recording of the action potentials of the nerves and muscles of the frog and cat using the amplifier 
described showed that in shape they did not differ from rhe data normally found in the literature (Fig. 
3). However, the amplitude of the action potentials was appreciably increased as compared with the 
results obtained for similar specimens using other a.c. amplifiers. Detailed consideration of the most 
widely used amplifiers used to record biopotentials shows that the input resistance is between 200 
kQ and 2 MQ [12-14]. Therefore, it may be supposed that the difference in the amplitudes of biocur- 
rents recorded with different amplifiers is due to a difference in the parameters of their input circuits. 
To test this assumption, an investigation was carried out of the relation between the value of the action 
potentials of the nerve and muscle and the change in the input resistance of the amplifier which was 
varied stepwise from 100 MQ to 100 k{2. The scheme for changing the input resistance is shown in 
Fig. 4. The experiments showed that the dependence of amplitude of the action potentials on the input 
resistance of the amplifier, as was to be expected, was most pronounced in investigations of specimens 
with high output resistance. For example, on recording with bipolar silver electrodes from a frog nerve 
trunk, the difference in the amplitude of the action potentials for extreme values of the input resistances 
reached over 300 per cent (Fig. 4). With an object with low output resistance (frog muscles), on record- 


ing the potentials by means of silver needle electrodes with a diameter of about 0-5 mm the difference 


in amplitudes at extreme values of the input resistance did not exceed 50-70 per cent. 

It was also of interest to investigate the relation between the recorded value of the biopotentials 
and the input capacitance of the amplifier. The capacitance of the input circuit of the amplifier was 
changed by incorporating capacitors of different magnitudes (91, 200, 300, 430 and 1000 “F) in paral- 
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lel with the recording electrodes. In the objects we investigated, the decrease in the amplitude of the 
action potentials for the greatest value of the input capacitance did not exceed 6 per cent. Therefore, 
it may be concluded that for extracellular recording by means of electrodes with low impedance, the 
value of the input capacitance is not so important as on intracellular recording with glass capillary 
microelectrodes (the problem of the importance of the input capacitance on recording potentials by 
means of high ohmic microelectrodes with high impedence has been quite fully discussed in the literature. 
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Fic. 4. Amplitude of biopotentials as a function of input resistance of amplifier. 1, curve relating ampli- 
tude of action potentials of frog sciatic nerve to input resistance of amplifier. Abscissa, input resistance 
in MQ); ordinates, amplitude of potentials in mV. 2, scheme for changing input resistance of amplifier. 


The parameters of the UBPI-01 amplifier enable it to be used for intracellular recording of bio- 
potentials. The distinguishing feature of this amplifier is presence of a balanced cathode follower which 
makes possible bipolar recording from any biological specimens, including intracellular recording. 
To date, ballanced cathode followers suitable for intracellular recording have not been described. 
This extends the possibilities of the UBPI-01 amplifier as compared with those with non-symmetrical 
cathode followers. Because of the very high amplification margin with high input resistance, it can 


be used even for recording intracellular “miniature” potentials. 


10msec 


a b 


Fic. 5. Intracellular potentials of muscle fibre: (a) recording with UBPI-01 amplifier; (b) recording with 
d.c. amplifier. Potentials recorded by d.c. amplifier have a smaller value because of comparatively 
small (SO M{2) input resistance of its cathode follower. 
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We have recorded the intracellular potentials of muscle fibres from the cells of the frog sartorius 
muscle by means of glass microleectrodes with a tip diameter of 0-5-0-9 uw. For the purpose of compa- 
rison, the intracellular potentials of the muscle fibre were also recorded by means of a d.c. amplifier 
with non-symmetrical cathode follower [11]. Comparison of the intracellular potentials obtained 
in both cases (Fig. 5) suggests that on recording the intracellular potential by means of the a.c. ampli- 
fier quite satisfactory analysis is possible. Certain difficulties arise with the a.c. amplifier in defining 
the moment of puncturing the cell membrane by the electrode and the measurement of the membrane 
potential. However, puncture of the cell membrane may be detected from the kick on the base line 
of the indicator tube. This deviation may be recorded by means of a calibrated recording device and 
measured with sufficient accuracy. Moreover, the puncture may be detected by an acoustic click in 


loudspeaker may be connected up. 
SUMMARY 


(1) The high input resistance of the UBPI-01 a.c. amplifier, the high resistance to noise, low level 
of noise with high amplification coefficient and presence of an input cathode follower enable the ampli- 
fier to be used for diverse electrophysiological investigations including intracellular recording of bio- 
potentials. 

(2) Accurate amplitude analysis of biopotentials requires the use of amplifiers, the input resistance 
of which is not less than 10 MQ). 
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TECHNIQUE OF ELECTRICAL STIMULATION 
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As is known, the functional state of the heart undergoes dynamic change during activity 
so that at different phases of the cardiac cycle the excitability of the myocardium differs. Accordingly, 
in experimental study of the excitability of the heart it is necessary to apply the electrical stimulus at 
the exact moment of the cardiac cycle arbitrarily chosen by the experimenter. 

In investigations On the isolated heart or with surgical intervention allowing direct manipulation 
in the heart, coarse mechanical relays were used for the electrical stimulation of the myocardium at 


different phases of the cardiac cycle. Thus, for example, an electric contact was attached to the arm of 
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an Engelman lever recording the contractions of the ventricles of the heart; on movement of the lever 
the electrical circuit closes at a definite moment. By alterning the position of the contacts the experi- 
menter was able arbitrarily to change the moment of application of electrical stimulation in relation 
to the cardiac cycle 

Such a method of investigating the excacitability of the heart was extremely laborious and rela- 
tively crude with the main drawback that the investigation was only practicable in acute experiments, 

The use of electronics considerably improves the technique for investigating the electrical excit- 
ability and other biophysical parameters of the heart. To apply electrical stimulation at different 
arbitrarily chosen moments of the cardiac cycle we propose use of a special electronic instrument 
a “cardiosynchronator”’ 

The Operating principle of the instrument is based on the use of the bioelectric signals of the heart, 
more exactly, the R spike of the electrocardiogram, for switching in an electrostimulator— (chronaxi- 
meter, etc.). Thus, the proposed technique is based on the principle of biological control since the bio- 
potentials of the heart recorded from the animal serve as controlling signal for the physiological ap- 
paratus. A block diagram of the experiment is shown in Fig. 1. 

The basic circuit diagram of the instrument is shown in Fig. 2. 


* Biofizika 6: 1, 125-126, 1961. 
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The input signal is taken from the output of any type e.c.g. Valve L, is connected as in a 
driven multivibrator with cathode coupling. The R spike of the e.c.g. triggers the multivibrator. The 
reed of the relay RP is closed (with a left contact) and the capacitor C is charged through the adjustable 
resistance VR. At the moment when the voltage on C reaches the value of the firing potential of the 
thyrotron L, a discharge occurs and relay R, operates leading to action of the electrostimulator. On 
operation of R,, the second winding of the relay RP is energised and the reed of this relay is thrown 
to the right with simultaneous discharge of capacitance C and the circuit returns to original position. 

The time constant of the circuit varies from 0-02 to 2 sec. It should be borne in mind that should 
it be necessary to apply the stimulus at the start of systole, at the moment coinciding in the e.c.g. with 
the ascending knee of the spike R, then as a result of a certain sluggishness of the relay and the system 
switching On the electrostimulator delay by a value slightly exceeding the period of the cardiac cycle 
may become necessary. 

The time of applying the electrical stimulation in an experiment may be written on the electro- 
cardiograms. The marking is made by applying the voltage from R, at the moment of marking the e.c.g. 

Hence, by means of the cardiosynchronator the experimenter arbitrarily leaving in time the moment 
of switch-on of the electrical stimulator to the spike R of the electrocardiogram may apply electrical 
stimulation at any arbitrarily chosen phase of the cardiac cycle. 

This technique allows the experiment to be carried out with electrodes implanted in the heart 
and so extends the possibility of experimental investigation of both excitability and other biophysical 
characteristics of the heart. In chronic experiments for assessment of the reaction of the heart to an 
electrical stimulus it is possible to use both recording of the biocurrents of the heart and the output 


signals of various instruments. 


SENSITIZATION OF PHOTOGRAPHIC MATERIALS 
WITH TRIETHANOLAMINE TO IMPROVE THE 
AUTORADIOGRAPHIC TECHNIQUE* 


A. L. KARTUZHANSKII and B. P. SOLTIISKII 


Leningrad Agricultural Institute 


(Received 23 March 1959) 


THE possibility of further increasing the sensitivity of ready-made photographic materials by bathing 
them before exposure in an aqueous solution of triethanolamine (TEA)-N(CH,CH,OH), has long 
been known [1]. Recently this procedure has again attracted attention and it has been shown that 
sensitization with TEA is effective in relation to various radiations including nuclear ones, both in 
cases in which continuous blackening results and in cases in which tracks of the individual particles 
are recorded in the photographic emulsion [2, 3]. Accordingly, we have undertaken a series of experi- 
ments aimed at ascertaining how far sensitization with TEA can affect the autoradiographic recording 
of nuclear radiations, in particular, from biological specimens. This note gives a brief description of 
the results obtained. 

Firstly, we investigated the increase in sensitivity of photographic materials to formation of black- 
ening as the result of f-radiation from the extreme cases of low energy (™*C, Emax = 0°155 MeV) 
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and high energy (**P, Ejax 1-7 MeV). In both cases irradiation was carried out on the radioactive 
sensitometers described previously [4, 5]. The sensitivity of Sg is expressed as before [4, 5] as the reci- 
procal of the exposure (mc x min/cm?*) necessary for obtaining a density of blackening of 1-0 above 
the fog. The results for six different photographic materials bathed in 2% aqueous solution of TEA 
for 10 min (for emulsions R and K) or 3 min (for the rest) are shown in Tables 1 and 2. As can be 
seen sensitization with TEA gives a substantial rise in sensitivity especially inrelattion of “C /-radia- 
tion without any considerable increase in fog. Hence, in the case of contrast autoradiography (as esti- 
mated by the blackening) the possibility is opened up of considerably reducing the exposure time which 
is of great importance in work with very weak or shortlived emitters. It should be added that in photo- 
graphic films treated by TEA, fading is sharply diminished [6] a factor also highly favourable in work 
with very weak emitters. 


TABLE |. RISE IN SENSITIVITY TO “Cc f-RADIATION ON TEA SENSITIZATION 


Ss (cm?/mc . min) Optical density of fog 


Before After Before After 
Photographic material ‘ at ie x 
sensiti- sensiti- sensiti- sensiti- 


zation zation zation zation 


Nuclear emulsion type R . 20-0 0-13 0-13 
Nuclear emulsion type K 5: 12-0 0-08 0-08 
Electronographic plates 3 12:0 0-08 0:10 
Spectral plates, type 3 ‘5 6°6 0-05 0-10 
Autoradiographic plates MR ‘ 6-0 0-06 0-08 


> 


TABLE 2. RISE IN SENSITIVITY TO **p $S-RADIATION ON TEA SENSITIZATION 


Ss (cm?/me . min) Optical density of fog 


Before After >fore After 
Photographic material Before After 
sensiti- sensiti- sensiti- sensiti- 


zauion zation zation zation 


Nuclear emulsion type R of 0-10 0-13 
Nuclear emulsion type K ; 0-08 0-08 
Electronographic plates 0:4 “7 0-08 0-08 
Spectral plates, type 3 0-12 25 0-04 0-08 
Autoradiographic plates MR 0-06 15 0-04 0-08 
X-ray film, type Kh 0-5 0-12 0-20 


The increase in the density of the tracks in nuclear photographic emulsion [2, 3, 6] may turn out 
to be useful in track autoradiography. This is particularly important in work with f-emitters when 
discrimination of the individual tracks and measurement of their length is complicated by the inade- 
quate density of grains and by the confused shape of the tracks. Sensitization with TEA yields dense 
}-tracks which can be well followed over their entire length. An example of this is provided by micro- 
photography of the track autoradiograph of a geranium leaf fed with very weak solution of Na,H**PO, 
(~ 40 uc/1.); the autoradiograph was obtained with type R emulsion sensitized with TEA (Fig. 1, a). 
For comparison we give a track autoradiograph of the same object in emulsion of type R without 
extra sensitization (see Fig. 1, b). 
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It should be stated that the effect of TEA, as already noted [2], is considerably reduced when 
insufficiently pure (above all, not free from mono- and diethanolamines) and also for TEA polymerized 
during storage is used. Therefore, good results depend on the use of high grade TEA; the usual technic- 
al product for photographic purposes is unsuitable. 


> ¥y 


b 
Fic. 1. 


REFERENCES 


. MEES, J. E.K.C., J. Opt. Soc. Amer. 21: 753, 1931 
. ZHDANOYV, A. P., KARTUZHANSKII, A. L., RYZHKOVA, I. V. and SHUR, L.I., Zh. nauchn. 


i prikladn. fotorg. i kinematorg. 3: 53, 1958 
. ZHDANOYV, A. P., KARTUZHANSKII, A. L., RYZHKOVA, I. V. and SHUR, L. I., Dokl. Akad. 


Nauk SSSR 118: 744, 1958 
. KARTUZHANSKIL, A. L. and SOLTITSKII, P. B., Zh. nauchn. i prikladn. fotorg. i kinematorg. 


2: 167, 1957 
. KARTUZHANSKII, A. L. and SOLTITSKII, B. P., Zh. nauchn. i prikladn. fotorg. i kinematorg. 


2: 241, 1957 
. ZHDANOV, A. P., KARTUZHANSKIL, A. L., RYZHKOVA, I. V. and SHUR, L.I., Dokl. Akad. 


Nauk SSSR 123: 874, 1958 





ELECTRON MICROSCOPIC STUDY OF ERYTHROCYTES 
ON QUARTZ AND COLLODION FILMS* 


A. I. PoLIVODA AND Yu. P. VINETSKII 


(Received 12 August 1959) 


Rep blood cells were one of the first objects to be investigated in the electron microscope. However, 
ideas on the structure of erythrocytes as seen in the electron microscope changed with the develop- 
ment and refinement of methods for preparing the specimens. The considerable thickness of the object 
does not permit direct observations and therefore, the investigation has been carried out in the main 
with erythrocytes devoid of haemoglobin (stromata). Wolpers [1] investigating the fine structure of red 
blood cells, fixed the stroma and at the same time stained them with osmic acid. He was unable to 
detect any structural formations in the intact stroma of the erythrocytes by the method of osmium 
impregnation. To establish the structural localization of the lipoid components of erythrocytes, Wol- 
pers extracted the lipoids from the cells and discovered compartments of about 500 A diameter. 

The further development of electron microscopy and, in particular, the method of shadowing 
with metals played an essential réle in the study of red blood cell structure. Besis and Brica [2] investi- 
gated the submicroscopic structure of the erytrocyte stroma shadowing the object with gold after 
fixing the cells with osmic acid. They detected a granular structure of the stroma with signs of individ- 
ual formations from 500-1500 A in diameter. Drying of moist preparations of the unfixed stroma 
of erythrocytes on collodion film leads to firm adhesion of the lower surface of the cells with the film. 
Latta [3] investigated the surface of intact erythrocytes by the method of imprints (replicas). Osmotic 
shock can be avoided by this method. As the author noted, the surface of non-haemolysed erythrocytes, 
unlike the surface of the stroma, does not have coarse granulations and the size of the individual for- 
mations on the surface of red blood cells varies from 20 to 130 A in diameter. 

The considerable divergence in the findings reported arises essentially from the methods of treating 
the preparation, the fixation and the choice of film for the sublayer. The great importance of the sup- 
portive film in electron microscopy is obvious but usually the qualities of the film regarded as decisive 
are a structureless character and its thickness (100-150 A), far less attention being paid to the possi- 
bility of interaction in any manner with the biological specimen. Most investigations have been carried 
out On organic collodion or parlodion films. It is known [2] that the interaction of unfixed objects 
and the organic material of the film is possible. It is difficult to say whether there is chemical interaction 
or whether the collodion mechanism comes into play. We have made an attempt at a comparative 
study of the structure of rat erythrocytes on collodion and inorganic quartz film. For the experiments 
we used white male rats weighing 120-160 g. In preparing the quartz films we adopted the technique 
described by us previously [4]. 

The drops together with the preparation were applied to the film with a platinum loop and dried 
in air. The stroma were shadowed with chromium at an angle of 12-15°. 

Fig. 1 shows an electromicrogram of the stroma of erythrocytes on collodion film. On the surface 
a quite coarse structure is visible with the dimensions of the individual granules of about 160-250 A. 
The stroma has no folds because it is firmly bound with the film. Apparently, their absence depends 
on a number of factors of which the main one is surface tension [5] acting on the drop with the pre- 
paration as they dry. The same forces of surface tension also affect the unfixed stroma of the erythro- 


* Biofizika 6: 1, 128, 1961. 
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cytes on the quartz film but in this case, in view of the inorganic material of the sublayer, firm linking 
with the film does not occur (Fig. 2). The structural elements visible in the preparation are in size about 
50-80 A. 

The absence of coarse granulation indicates [3] retention of the living structure of the red blood 
cells. 

To sum up, it may be concluded that use of quartz films makes it possible to avoid a number of 
artefacts arising with organic sublayers. 


a 


Fic. 1. Erythrocyte stroma on collodion film (chromium shadowing at angle of 12°). 


Fic. 2. Erythrocyte stroma on quartz film (chromium shadowing at angle of 12°). 
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MODELLING OF THE PROCESS OF RECOGNITION IN A 
DIGITAL COMPUTER* 


M. M. BONGARD 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 12 July 1960) 


UNIVERSAL digital computers will solve problems with a known algorism of solution. 
Moreover, during solution of many problems by man a large percentage of the work 
is taken up by acts, the algorism of which he cannot describe. Man makes use of 
intuition, reasoning by analogy, similarity, hypothesis (which strictly speaking has 
little basis), etc. Programming such action runs into difficulty because of the fact that 
parts of the operation occurring in the brain during their execution elude conscious 
control. The present work is devoted to an attempt to programme for a computer 
the execution of one such “subconscious” operation—recognition. 


POSING OF PROBLEM 


Let us think of the number 73. If now we propose to the subject; “Guess the whole 
positive number less than 100 which I am thinking”, then in 1 per cent of the cases 
the number thought of will be guessed correctly by chance. At the same time if we 
add: “The imagined number is an element of the numbers—23, 3, 13, 43,” then the 
percentage of correct replies sharply increases, although strictly speaking, there are 
as many numbers with these four elements as there are not containing the number 73. 
Depending on one’s mathematical experience, one person will recognize here a series 
of numbers ending in 3, another the terms from an arithmetical progression, a third 
prime numbers. None of them can demonstrate that his hypothesis is true but to all 
three the presence of such a hypothesis sharply narrows the field of search. Each of 
the persons has seen in the aggregate of numbers 23, 3, 13, 43, something familiar, 
has “recognized” an object with which he has earlier been confronted and this “re- 
cognition” has helped him to apply earlier accumulated mathematical experience. 
(Of course, “recognition” may take the wrong path.) For example, someone may 
say that the number thought of is less than 50. We would note that this experience 
could not be applied in the form of a strict deductive inference as it is impossible to 
demonstrate the fact that the number 73 belongs to the series 23, 3, 13, 43 ... there 
is not, and there cannot be an algorism which would regularly lead to the discovery 
of a law whereby the elements of the series are selected but at the same time the solution 
by man of many problems shows that the region of search (the region of random or 
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systematic sorting) has been strongly contracted. Without such contraction complex 
problems could not be solved at all in the given time. 

Man does not solve any major complex problem as a completely new one. He 
always makes use of “analogies” with problems already solved, recognises parts “sim- 
ilar” to problems already solved. Very often in so doing, man cannot say why this 
part seemed to him more akin to problem a than problem f and yet the similarity 
with problem a noticed by him has helped him to solve a major problem. 

The laws of identity “by similarity” escape our consciousness in simpler cases 
also. Probably, the majority of persons (especially those who are not artists) cannot 
describe the similarity between all male faces distinguishing them from female ones. 
Despite this, we have no trouble in distinguishing males from females. 

How do we recognise acquaintances in a photograph? It is clear that this cannot 
be achieved by comparison with references stored in our memory. Firstly, there would 
have to be too many of these references. The slightest change in perspective, angular 
size, facial expression, hairstyle, conditions of lighting, etc. leads to a different distri- 
bution of excitations in the retina. For recognition, by comparison from complete 
identity, we would have to store in our memory the appearances of our acquaintances in 
every variant of the conditions of observation. Besides the very irrational loading of 
memory this would also lead to recognition taking a very long time. Indeed, we would 
have on each occasion to compare with the photograph lying before us all the refer- 
ences from memory (if it was not known beforehand what would be on the photograph 
then it would be impossible to say in what order the comparison could be made ad- 
vantageously). 

Secondly, such a system in principle would not allow recognition of man in pers- 
pective (or lighting, etc.) in which we have not seen him previously. 

To recognize an object in a new form not encountered before we must have an 
abstract concept of it. The abstract concept appeared, of course, as a result of obser- 
vation of the object in different forms but it encompasses a wider class of possible 
forms than that from which the abstraction came. Only by means of signs not changing 
with change in the condition of observing the object can one recognize an object in 
the new form. Hence, it follows that for the different possible forms of the object the 


signs must be set in conformity with one and the same characteristic. In other words, 


the sign must carry out a broken-down reflexion of the form of the object. Hereafter 
we shall use the term sign to refer to the algorism performing the analytical conver- 
sion of the form of the object. We shall call the result of conversion, the characteristic 
of the object according to the given sign. 

We give examples clarifying the definitions: the material from which the object 
is made is the sign. The phrase “copper pot” is a characteristic of the pot according 
to this sign. Checking of whether a number is even is the sign. The statement “this 
number is even” is a characteristic by sign. 

All signs are by no means useful in recognition. If we have to recognize an acquaint- 
ance amongst other persons then we never make use of the sign “checking for presence 
of the head”. All persons have, according to this sign, one and the same characteristic— 
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—“a head”. The characteristic by this sign does not give a cross-section of the multi 
plicity (does not separate some persons from others) and therefore cannot help us 


to recognise a given person. 

There is also another reason making certain signs useless in recognition of objects. 
Sometimes on posters different parts of the text are printed in different colours. The 
characteristic of each letter of the alphabet according to the colour sign does not remain 
constant and consequently, cannot help in recognition of the letter. We shall describe 
as useful signs those satisfying the following two requirements: (1) they must give 
a cross-section of the multiplicity of objects to be discriminated (there must exist at 
least two objects having different characteristics according to this sign); and (2) the 
characteristic of each object must be constant not depending on the “conditions of 
observation”. For simplicity we shall not dwell on the quantitative gradations of the 
usefulness of the signs. A few words on this will be said when describing the part of 
the programme which makes the selection of the useful signs. 

The general scheme of work of a programme of recognition is as follows: the program- 
me observes the multiplicity of objects subsequently to be recognized. Each of them 
is shown in several “perspectives”. The observation “training” consists in selection 
(from a certain multiplicity) of useful signs and retention of the characteristic of the 
objects according to these signs. On recognition, the object in the new (not figured 
during training) form is shown to the programme. The programme finds the character- 
istics of this object according to all the signs selected. After this the characteristics 
obtained are compared with the collection of characteristics stored in the memory. 
Similarity is established from the maximum number of coincident characteristics. 


FORMAL DESCRIPTION OF PROGRAMME 

A. Objects of recognition. We shall consider the numbers presented in Table 1. 
It is not difficult to see that the numbers in each column of Table | (a) satisfy formula 
C = AB (A — B) and in Table | (b) C= (A+ B)(A B). We shall consider such 
tables as “photographs” of the law by which the number C is constructed from the 
numbers A and B. It is easy to see that each law may be represented by an infinite 
number of tables (“photographs”) and that strictly speaking, from the table it is 
impossible unambiguously to reconstruct the law if we knew nothing about it 
beforehand. 

For training, two tables representing each law are introduced into the computer. 
The programme is told that these two tables refer to law No. 1; the following to law 


TABLE | TABLE 2 


> 


an 
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No. 2, etc. The laws themselves are not introduced into the machine. Each table consists 
of short lines each with three numbers. The number of short lines may be from 1 to 
8 inclusively. In training from 2 to 24 laws may be applied. 

For recognition, other tables are introduced, for example, 2 (a) and 2 (b) being 
representatives of particular laws. The number of lines in each table and the number 
of laws for recognition may not be as in training but included within these limits (except 
for the fact that in recognition only one table can be given). The task of the programme 
is to define in relation to each table introduced for recognition that which “is most 
similar to law number Z”. 

B. Construction of signs. We would recall that the sign is the term used to denote the 
algorism performing the break-down conversion of the object. In the programme 
in question the characteristic of the table according to any sign may have two values: 
0 and I. 

The signs are constructed as follows: a simple arithmetical function from A, B, 
and C—/f, (A, B, C) is taken, for example, A + C or C/B, etc. Then, the number 
obtained is substituted into one of three logical operators. The logical operator con- 
verts this number into a logical variable with two values: 0 and 1. 


In all, in the programme described three logical operators are applied: L,, check 
on whole numbers, L, check on sign, L;, comparison with unity from the modulus. 


Thus: 
L,N , if N—whole number 


LN , if N—a fraction 

L.N = 1, if N>0; 

LN , if N<0; 

L,N = 1, if |Nj>1; 

L,N = 0, if |N|<1l. 

We shall give an example. Let f, (A, B, C) be B/A; then 

Lj, (7; 9; 3} =0 
Lj, (7; 9; 3) =1 
Lj, (7; 9; = 1 


We shall denote L,f, by /,,(l,, = 1, (A, B, C)) then the sign for each line of the table 
is any logical function F(/,, ; 1, ,,) from two logical variables /,,, and /,,,. We would recall 
that there are in all sixteen logical functions of the two variables; a and b. Of these, 
two (identical with 0 and 1) are of no interest at all. Four are functions only of one 
variable (a; a; b; b), Thus, there are left ten functions of the two variables, they are 


ab; 
ab; : ° (a) 


ab 
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The programme examines all these functions. The sign for the line is the algorithm 
of the form F,, [L,,f,, (A, B, ©); L,,f,, (A, B, ©)]. The sign for the entire table is the 
logical product of the signs for the individual lines. Thus, the sign for the table has 
the form 


Fa [L;, fi, (Aa B,, C,); LF i(Ar B,, C,)] /\ 
\ Fr lL;,fi.(Aes Be, Ce); Ly, f,,(Ae» Be, Co). - - 


A FlLifa(An» Bu» Ca)i Lig fglAns Bas Cp): 


Here, the subscripts for A,B and C correspond to the number of the line of the 
table. The different signs differ by the value i,, i,, j,, j., m, which corresponds to the 
different choices of the arithmetical functions, the logical operators and the logical 
functions. In total, the programme is able to choose out of 5436 signs. 


C. Choice of signs. It stands to reason that there is no point in memorizing all 
the signs but only the useful ones. The first requirement of a useful sign is that it must 
give a cross section of the multiplicity of tables with which training is conducted. This 
means that the sign must not give one and the same characteristic (immaterial whether 
0 or 1) to all tables since the characteristic of such a sign will carry no information on 
the number of the law of the table. It is clear that the greatest information will be 
given by the sign which characterizes half the tables by zero and half by unity. Further, 
there is little point in signs giving a cross section coinciding with one already produced 
by a preceding sign. 

The second requirement imposed on a useful sign is that it must give to two tables 
representing one and the same law a uniform characteristic. 


In accordance with these remarks the subprogramme for selecting signs works 
as follows: the tables from which training proceeds are broken down into two groups. 
The first is the working and the second the control group. Each group has one table 
each, representing each law. The programme takes the sign to be selected and carries 
over from it the characteristics to all the tables of the working group. Then, it is ascer- 
tained how many tables have the characteristic 1. Let S tables be used. If the number 
of units is not equal to S/2 when S is even or S/2+1/2 for S odd, then the sign is 
discarded. If it passes this test then a check is made to see whether it gives a cross section 
already encountered. If the sign also survives this test, the programme takes over the 
characteristic according to this sign to the tables of the control group. Then a check 
is made to see whether the characteristics of the tables of the working and control 
groups coincide. If they coincide on all the laws the sign is memorized; in the case 
of non-coincidence it is rejected. After exhausting the store of all 5436 possible signs 
the programme lessens the stringency of the first step in selection and again inspects 
the signs initially rejected. Now signs are admitted giving S/2+-1 units for even S and 
§/2+14 units for odd S (the programme allows for the possibility of starting from 
selection less stringent than “S/2”). Then, the stringency of selection is further reduced 
and so on. The process comes to an end when either 30 useful signs have been selected 
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or further reduction in the stringency of selection would lead to memorization of 
useless signs (not giving a cross-section of the multiplicity of S tables). 

It is easy to demonstrate that the same signs will be selected for any method of 
dividing a dual set of tables into working and control groups. 

As a result of training the memory retains programmes of useful signs (30 or less) 
and characteristics of all S pairs of tables according to all signs (within a pair the tables 
always have uniform characteristics). 

D. Recognition. The subprogramme of recognition assigns to the unknown tables, 
the characteristics according to all the signs selected. Then the characteristics obtained 
are compared with those of the tables used in training. Comparison consists in counting 
the number of signs in which the characteristics do not coincide. This may yield, for 
example, information to the effect that the characteristics of this unknown table 
diverge from the characteristics of the table of the first type in 17 signs, the second 
type in 3 signs, the third type in 14 signs, etc. Further, the programme chooses the 
three smallest numbers and prints the numbers of the types referring to them in or- 
der of increase in the number of divergent characteristics. 

Besides the final result—judging to which familiar tables those given for recognition 
are most similar, the programme prints out the following intermediary information: 
useful signs to be memorized; cross-sections produced by these signs in a multiplicity 
of tables given for training; signals on passage to a less stringent selection of signs; 
signals on termination of training; characteristics of the tables used for training according 
to all the signs selected; characteristics of the tables given for recognition according to 


all signs. 


ACTUAL WORK OF THE PROGRAMME 

All the experiments were carried out on the M-2 I.N.E.U.M. computer U.S.S.R. 
Academy of Sciences, with an average working speed of 2000 three-address operations 
per sec. 

A. Recognition of arithmetical laws involved in the process of selecting signs. In 
the experiments of this series, for training tables were inserted in the machine containing 
whole numbers A and B (for example, Table 1). All the lines of each table were con- 
structed according to the same arithmetical law. For recognition, tables were introduced 


constructed according to the same laws as used for training but containing other 


numbers, A and B—also whole numbers. 

Experiments were carried out with training with 6, 8, 9 and 24 laws. Training with 
6 laws for 3 lines in each table took ~ 6 min with 24 laws and 8 lines in each table 
~ 35 min. Recognition of each law (including the time of printing the answer) took 
7-10 sec. 

Two sets of 24 laws each were used as shown in Table 3. On training with 6, 8 and 
9 laws the first laws of Set 1 were used. 

For the sake of brevity we shall not go into the different experimental variants 
with training with 6, 8 and 9 laws (signs selected with different criteria of usefulness) 
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TABLE 3 
Set 1 


(A — B)AB 


A 
+A+tB 
B 
B—A 
-—A 
A 
(A + B) (A—B) 


A—B 


A+B 
(B—A)?—B 
(B—A)?+B 
8 
(A—B)? 


(=a) 


AB—B+A 

(A — AB)-B 

(A — 2B):A 
AB 





since they all gave complete recognition of the tables. This means that the number 


of the corresponding law is always printed in first place. 
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With recognition of 24 laws, not all were recognized correctly. Some numbers 
came into the second or even lower place. For the assessment and comparison of the 
quality of the work of the programme in different cases it is useful to determine the 
average position M, at which the number of the corresponding law is placed. It is ob- 
vious that the programme “guessing haphazardly” would give with a choice of S laws 


, . = S+1 
(for a large number of samples) an average position of M, = - “wh The same result 


would be shown by a programme which had “not benefited” from training. An ideally 

recognizing programme would give an average position equal to My = 1. We shall 

characterize the relation between “guessing” and “knowing” in the work of the pro- 

gramme by the value 

gece M,—1 () 
M;—M, M,—1 


For ideal work 7 = 0, for random guessing 7 = 1. With recognition of the first 
set of 24 laws (Table 3) 7 = 0-025; with Set 2 (Table 3) 7 = 0-036. Hence, in recognition 
of 24 laws the element of random guessing is about 3 per cent (it may be considered 
that the value » characterizes the degree of ignorance remaining after the work of 
programming). Such a result seems to us quite satisfactory. 

B. Recognition of arithmetical laws not involved in the process of selecting the 
signs. Training in this series of experiments was the same as in the preceding one. 
Here, the tables were inserted into the machine constructed according to laws other 
than those used for training. The programme assigned to these new laws the characteris- 
tics according to the signs selected during training and the characteristics were memori- 
zed. Then for recognition other tables were introduced constructed according to the 
same new laws. They were again assigned characteristics and compared with the 
characteristics present in memory. Thus, this series of experiments, “B”, differed from 
the preceding in that in the “A” series recognition was achieved by means of signs 
specially matched to the given group of arithmetical laws and in the “‘B” series signs 
were used not matched to the group of signs which was recognized. Thus, in series “B” 
the degree of universality of the selected signs was checked. 

After training on the second set of 24 arithmetical laws, recognition of 24 laws of 
the first set was undertaken, 7 = 0-029 was obtained. Comparison with the results 
of series “A” (7 = 0-025 and 7 = 0-036) also shows that the recognition by means 
of “foreign” signs in this experiment was no worse than by means of its “own” signs. 

An experiment was carried out with training with six arithmetical laws (first six 
of set 1). Then, according to the signs selected, recognition of 24 laws was made. Re- 
cognition of set 1 gave 7 = 0-007, set 2 7 = 0-025. 

It is curious to note that in this experiment recognition according to the “foreign” 
signs gave results even somewhat better than with use of signs specially matched for 
the laws being recognized. The reason is not that the signs selected on training on 6 
laws worked more reliably than those selected on 24 laws. On the contrary, inspection 
of the results showed that the mean probability of error in each characteristic according 
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to signs obtained on training with 6 laws was 4-2 per cent and for the signs obtained 
on training with 24 laws only 1-4 per cent. Why do signs which work more reliably 
sometimes give poorer recognition? The point is that the quality of recognition is 
determined not only by the reliability of the signs but also in how many signs the laws 
are distinguished from each other. For the algorism applied in this programme, selec- 
tion of signs on training with 24 laws, the characteristic of certain laws according to 
all signs may turn out to be very similar (and sometimes even identical). It is clear 
that in these conditions errors in a small number of signs may lead to mistaken recogni- 
tion. The signs selected on training with 6 laws although they work less reliably give 
for different laws more strongly differentiated sets of characteristics leading to a certain 
improvement in recognition. 

In any case, the signs selected on training with 6 laws proved suitable for quite 
satisfactory recognition at least of 48 laws (and in fact, probably a much larger number). 


C. “Classification” of laws. In this experiment 6 groups of laws were introduced 
into the computer for training (Table 4). Each group consisted of 2 laws similar to 
each other in respect of the arithmetical operation. The tables constructed from the 


TABLE 4 


II 
(A+ B)AB_ (B—A)AB 


AB+ A+ BA—AB—B 
(A+ B)B 


VI 


laws of each group occupied the places intended for the working and control tables 
of one law in the preceding series of experiments. Therefore, the programme on training 
selected signs which gave for laws of one group identical characteristics. Then, 24 laws 
were introduced and the programme “decided” the group to which the given law is 
most similar; the first two places for each law are shown in Table 3 (roman numerals). 
The reader may compare of the programme’s opinion with how he himself would 
analyse the given arithmetical laws according to the groups in Table 4. In this experiment 
the programme made the classification according to a principle fixed not by strict 
algoritsm but by examples. 

D. Logical laws. In this experiment training was given on tables in which the number 
C was not arithmetical but a logical function of A and B. For example, if A and B 
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are positive, then C = 1 and if not, C = 0; or, if A> B, then C = 1 but if not, then 
C = 0, etc. Training was conducted on 4 laws then for recognition 4 other tables 
were introduced constructed according to the same laws. All 4 laws were recognized 
correctly. 

E. Mixed laws. We term as mixed laws constructions of the different lines of the 
table according to different arithmetical laws depending on supplementary logical 
conditions. For example: C = A+B if A>O and B>0; C= A—B if A>O and 
B<0; C=A/B if A <0 and B>O; C= AB if A <0 and B <0. 

Training was given on 6 laws of such a type. For recognition other tables were intro- 
duced, constructed according to the same laws. All 6 were correctly recognized. The 
same result was given by an experiment with 10 mixed laws. 

F. Recognition of laws of the type not involved in the process of selecting signs. In 
this series of experiments, training was given for laws of one type (for example, arithme- 
tical) and for recognition laws of another type were given (for example, logical ones). 
The programme could receive instructions of two types: (1) distinguish the laws of 
the new type from each other; (2) distinguish them also from laws for which the training 
was given. 

After training on 9 arithmetical laws recognition of 4 logical ones gave the following 
results: recognition amongst all the laws (both arithmetical and logical) 7 = 0-25; 
recognition amongst only logical laws 7 = 1-00. This means that although the program- 
me did not at all differentiate logical laws it could distinguish them from arithmetical 
ones. 

For recognition of the 10 mixed laws the signs selected for training on 9 arithmetical 
ones gave: recognition amongst all laws 7 = 0-10; recognition amongst only mixed 
ones 7 0-20. 

After training on 10 mixed laws recognition of 4 logical ones gave: recognition 
amongst all (mixed and logical) 7 = 0-19; recognition amongst only logical ones 
n = 0°83. Recognition of 9 arithmetical laws gave; recognition amongst all laws (mixed 
and arithmetical) 7 = 0-025; recognition amongst only arithmetical ones 7 = 0-055. 

Thus, the signs selected for training on arithmetical laws make it possible to re- 
cognize satisfactorily mixed ones and vice versa. These signs do not allow the logical 
laws used in our experiments to be distinguished, while distinguishing them (very 
reliably) from those laws on which training was given (arithmetical or logical). 


DISCUSSION OF RESULTS 


A. Does the programme itself need to learn? Is it not possible to inscribe into the 
programme of recognition the signs already selected by man? Then the programme 
would not need to waste time on training. It would immediately, so to speak from 
birth, be ready to recognize. This problem suggests itself after comparing the time 
spent on training (minutes) and on recognition (seconds). An answer to the problem 
is not so easy; it depends on whether man knows in advance which objects the program- 
me has to recognize. If this is known precisely in advance (for example, let us say 
that the programme must distinguish some 10 arithmetical laws), then the programmer 
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may select the signs and incorporate them into the programme and training becomes 
superfluous. Such a programme would work very well (probably better than the trained 
one) and rapidly but only as long as the objects for recognition remained unchanged. 
As we already know, for other laws other signs turn out to be useful. Therefore, if 
man does not know in advance with which laws the programme has to concern itself 
(“in what world it will live”) or if the variety of laws is sufficiently high, then it is more 
advantageous to write the learning programme allowing it to adjust itself to the “world” 
into which it will come. 

It is curious to note that both these pathways are reflected in animal evolution in 
the organization of programmes controlling the behaviour of insects and vertebrates. 
Insects are able to do nearly everything at birth and the part training occupies is very 
minor; many vertebrates, on the other hand, are born capable of doing almost nothing 
and receive a considerable proportion of the adjustment of their behaviour to the 
environment not from heredity but by training. Training takes time but the animal 
can learn things which his forebears were unable to do. 

Thus, learning programmes are necessary when it is not known in advance in what 
“world” the programme will have to “live” or whether this world is wide, or the pro- 
grammer himself does not know which signs will turn out to be useful. In all these 
instances the lack of knowledge or ability of the programmer may be made good by 
training of the programme. 

B. What is a “sign”? So far a purely formal approach has been taken to signs. 
Let us now consider the elements of human thinking to which the “signs” appearing 
in the programme are analogous. 

The sign performs a break-down conversion of the table. Many tables have an 
identical characteristic according to the given sign and even a set of characteristics 
according to all the signs has a diversity many times less than the diversity of the tables. 
Thus, the characteristic of the table according to all the signs carries considerably 
less information than the table itself. Then why is such recording which is clearly coupled 
with loss of information necessary? The answer lies in considering the information 
which is lost. We would recall that the different tables constructed according to one 
and the same law have an identical (or almost identical) set of characteristics according 
to the signs. This means that during the recoding in question, information is lost on 
the individual peculiarities of the table constructed according to the given law. For 
one law and different numbers in the tables, then from the set of characteristics we 
cannot restore the actual numbers. Information on them is lost. However, information 
on the law is maintained. In fact, different sets of characteristics correspond to different 


laws. Therefore, precisely the information of interest is retained. The difficulty of 
recognizing a new table lies in the fact that the table has new (not encountered before) 
numbers. The table bears information not only on the law according to which it was 
constructed but also on the actual numbers constituting it. This second (not necessary 
for us) part of the information is much greater than the first. It has to be disposed of 
(final result must be independent of the actual numbers) which is achieved by assigning 
characteristics according to signs. 
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This process is similar to the formation of abstract concepts. When we speak of 
“cat”, this characteristic (in reality a set of characteristics according to many signs) 
does not carry information on colour, name, age, character and other individual features 
of the particular cat but denotes features distinguishing all cats from dogs, elephants 
and other animals. Which signs one takes as characteristics to obtain a useful abstraction 
depends on which animals the cat is to be distinguished from. If this multiplicity in- 
cludes cows and deer then the characteristics according to the sign “presence of horns” 
will be useful and if there are no horned animals in the multiplicity under consideration, 
then “the presence of horns” will be a useless sign (does not give a cross-section of the 
multiplicity). “Retractable claws” will distinguish a cat from a dog but will be useless 
for separating a cat from a tiger. Hence the abstract concepts of man are a set of charac- 
teristics according to useful signs. Therefore, assigning to a given table a set of characteri- 
stics according to signs is a formal matter and in essence indistinguishable from pro- 
ducing in the computer an abstract idea of a law according to which the table was 
constructed. 

It may be objected that the abstractions elaborated by a programme work only 
over a very restricted multiplicity of laws (those used for training) and may prove 
useless for new laws. This objection is warranted but it applies in equal measure to 
abstractions evolved in the human brain. A 3 to 4 year old child on his first visit to the 
zoo when seeing a tiger says: “pussy-cat”. His concept of a “cat” still does not include 
the signs distinguishing it from a tiger (and will not include them until during training 
he is faced with the need for some reason or other, of distinguishing them). Indeed, 
the adult European who for the first time has to be faced with the need of individually 
recognizing several Japanese facially, does this with great difficulty. The signs very 
useful for discrimination of the faces of European physiognomy do not permit good 
discrimination amongst Japanese although they distinguish them very reliably from 
all European faces. In this respect man behaves the same way as a programme which 
has been trained on arithmetical laws and must recognize logical rules. 

Thus, the sets of characteristics according to signs are equivalent to abstract con- 
cepts on the laws of construction of tables. 

We would recall that the signs selected on training on several tables were useful 
for recognition of a much larger number of tables of a similar type. It thus may be 
hoped that the training programme need be shown only part (sufficiently diverse) 
of that world in which it has to operate. In this way, the times of training and the ne- 
cessary volume of memory could be greatly shortened. This fact in itself confirms 
our view of the set of signs as an abstraction applied to a wider class of laws than that 
on which training occurred. 

C. What does the programme do and what has the programmer done? In evaluating 
the work of various “trained”, “self-organizing” etc. programmes, many people fall 
into the extremes of two opposed types. Some say: “the programme has been written 
by man, he thereby set its rules of work in all cases of life. Of course, he does not know 
in advance what it will do but solely because he does not have sufficient time to try 
this out. Man has taught the programme everything and consequently, is able to do 
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what it can do, but the machine works faster”. The other extreme is to call attention 
solely to the work of the already organized programme and say: “the programme 
chooses, the programme takes a decision, the programme reaches a conclusion”, for- 
getting that in these acts the programme also depends on the store of knowledge of 
the programmer. 


We consider that in fact the position here is the same as in the case of the professor 
posing a difficult problem to students. The student makes use of the idea and some- 
times the method conveyed to him by the teacher but if the professor himself does no, 
bother to work on the problem, then after a certain time the student (making use of 
this method) will have accumulated so much knowledge that he will be able to solve 
for example, a variant of the first problem which completely baffles the professor (if 
the professor himself does not take a similar path of training or does not make use 
of the results of the student). 


The programme is capable of surpassing the human who produced it in the same 
sense aS man can surpass his teacher. It should not be forgotten, however, that for 
productive work a quite high initial level of organization is necessary. In man or in 
the programme there must be put (by the teacher, programmer, forerunner-man or 
machine) sufficient information to narrow down the area of search otherwise the work 
would take so much time that it would become impracticable. 


How does the programme described outstrip its teacher? In it is incorporated the 
principle of recognition, a multiplicity from which signs and criteria of selection of 
signs may be selected. Prior to this it could not think itself. The programme itself se- 
lects the signs useful for recognition of the given multiplicity of laws. At the end of 
training it forms within itself abstract ideas on laws, sufficient for correct recognition 
of other tables built according to the same laws. At that moment the programme is 
already able to do what the programmer cannot do. We would note that in the period 
of training, the programme has done experimental work. Therefore, part of the inform- 
ation stored in it at the end of training has come into it not from the programmer 
but directly from Nature (although the ability for experimentation has been put into 
it by the programmer). 


The independent experimental work of the programme may correct certain wrong 
calculations of the programmer. Thus, for example, there is no guarantee that for the 
programme described the best logical operators or the best algorism of selection of 
signs will have been chosen. But if the algorism of selection is changed or only two 
logical operators instead of three are left, etc. (such experiments have been done) then 
the programme adjusts itself to the new conditions, selects other useful signs and still 
successfully reaches the end goal—correctly recognizes the tables. 

D. Relation to physiology. We are by no means of the opinion that the present work 
has demonstrated a similarity of the operations performed by the programme and 
the brain in sdlving the problem of recognition. Has this work any relation at all to 
physiology? It is now nothing new—if anything it has become even “the thing” to 
agitate for the application of modelling of various functions of the living body. There- 
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consider only specific modelling of the quite complex functions of the 
tudy the physiology of the skeletal muscles without knowing their 

to perform mechanical work; the nerve fibre—to transmit informa- 

art—to drive the blood? Naturally such investigation would be most un- 

In relation to the heart. the nerve fibres and skeletal musculature such 

now an abstract one. At the same time, we know very little about the 

» brain. Already now it is clear to many that under the influence of external 

pathways in the brain are not merely circuited but new programmes of 

influences and of reactions are formed. What problems do these pro- 

solve? By which algorisms do they come about? What logical operations are 

by the brain in producing these new programmes? Of all this we know 

almost nothing. Hence, we know very little not only about the mechanism of the brain 
the basic functions (what it does!). How does modelling of the 
‘elate to all this? It would hardly be an exaggeration to say 
bjects is one of the basic functions of whole sections of the brain, 


} 


ial regions. What operations have to be performed under the signals 


nes of the retina for the animal to be able to react to the object, 
to different variants of signals induced by this object? By mod- 
tempt is being made to hit upon an approach to this problem— 
must be carried out in a system capable of recognizing. 

n initial knowledge in this field makes for much more purpo- 


he physiology of the large nerve structures. 


SUMMARY 
is been worked out that learns to recognize. The objects of 
and numbers constructed according to various laws. 
programme selects “signs”—algorisms giving the break- 
s. The “useful” signs are chosen—signs giving uniform 
by one and the same law and different char- 


ted by different laws 


racteristics obtained with sets stored in the 


of different types of laws for different variants 


consideration is given to the desirability of training, analo- 
bstract concepts, the degree of independence of the trained 
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As is known [1] analysis of a statistically complex signal, evaluated by the amount of 
information transferred [2], is determined by the peculiarities of the structure of the 
signals employed; of importance are the interval of the scale and the method of cod- 
ing and other factors. Consequently, the amount of information transferred may 
serve as a criterion of the accuracy of analysing particular signals and the capacity 
of differentiating one gradation from another or the capacity for recognizing these 
gradations. The amount of information is a measure more widely adopted in assessing 
the activity of analyser systems than values measuring lability, sensitivity and other 
functional characteristics since analysis of the information on the state and changes 
of the media of existence of the body is the essence of the activity of the analyser sys- 
tems [1, 2]. 

But, usually the degree of accuracy of analysis is characterized by the measure of 
differential sensitivity—the value of the differential threshold (hereafter d.t.). The d.t. 
allows one to calculate the interval at which the signals must be located in the functio- 
nal scale in order that they be discriminated or identified with a definite degree of 
accuracy. 

Thus, the problem arises of comparing two criteria of the ability to perceive signals; 
the amounts of information transferred and the d.t. (the problem of the ratio of abso- 
lute thresholds and the amount of transferred information was solved in a paper by 
Munson and Karlin [3]. This calls for a single method of computing the d.t. in inves- 
tigations on the analysis of signals of any degree of statistical complexity and leads 
to the need to devise a method for calculating the d.t. using the method of identifica- 
tion [4, 5] since only in this method is the number of different signals always equal 
to the number of categories of their assessment. Therefore, in this method the maxi- 
mum entropy of the stimuli is always equal to the maximum entropy of the responses 
which gives an idea of the possibility of transfer of any amount of information de- 
livered. 

In the other main methods the number of categories of assessment is limited to 
two or three, i.e. the maximum entropy of the responses is only 1-0-1-6 binary units 


* Biofizika 6: No. 2, 142-148, 1961. 
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per stimulus. This particular feature is related to the fact that these methods were 
devised for investigating sensitivity. The d.t. is calculated in these methods with refer- 
ence to one signal—the standard—and the other stimuli play an “auxiliary role”, 
being evaluated in categories of judgements with respect to the standard. The large 
number of such signals makes it possible to construct psychometric curves of judge- 
ment with a high degree of accuracy, i.e. the functions of distribution for the catego- 
ries of judgement. 

A method of identification has been devised for investigating perception of inform- 
ation. Each signal in it is of independent significance. If we describe the signal rela- 
tive to which the stimuli presented are assessed as the standard, or, alternatively, rela- 
tive to which the judgements are made, then it is natural to conclude that in the meth- 
od of identification each signal is a standard, in other words, there are as many stand- 
ards as there are different signals. Consequently, it is necessary to compute the d.t. 
from the data of the experiments for all the signals of the system. 


However, such a requirement creates a serious difficulty in working out a method 
for computing the d.t. The difficulty is associated with absence of a possibility of an 
experimentally ascertained choice and check of matching for the psychometric curve 
of judgements. In the method of identification the multiplicity of signals giving values 
of the same category of assessment differing from zero is small. It turns out [4] that 
already in the i+ 2 signal erroneous identifications of it as the ith signal are virtually 
absent. Consequently, the curves have to be constructed from 2-3 pairs of values of 


gradations and relative frequencies of the given category of judgements. 

A deficient number of experimental points can be offset, for example, by presenting 
intermediate stimuli (from a position in the scale) in relation to any basic signals of 
the system. Assessment of such signals must be given in categories of assessment of 
the fundamental signals. But, while helping to elucidate the character of distribution, 
such experiments do not allow study of the transfer of information since in this case 
the maximum entropy of the stimuli will be greater than that for the responses. Com- 
bination in one experiment of the methods of identification and discrimination was 
used in the work of Pollack [6]. He showed that with an increase in the step of the 
decibel scale, the d.t. corresponding to 60-90 per cent correct answered increased. 
There was also an increase in the amount of information transferred. Comparison of 
the thresholds on discrimination and perception of information on identification oc- 
curs by computing the information perceived on discrimination. The ratio of these 
quantities in both methods in comparable conditions is close to unity. 

The methods of computing the d.t. described in the present paper make it possible 
to compute both d.t. (“left” and “right”—see[7]) for each signal separately. This is 
necessary in allowing for the change in the functional scale on passage to many choices 
[4] and also in those cases in which the step of the scale is uneven and in general 
when certain signals of the system are in conditions differing from others, for example, 
are presented a non-uniform number of times or are associated with special reactions, 


etc. 
In the methods of computation outlined below, it is assumed that the judgements 
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relative to each standard are normally distributed over a functional quality scale, i.e. 
in the conditions of the method of identification the (y)-hypothesis is fulfilled [7]. 
Such an assumption is most justified since it is known that in all the main methods 
the findings are in good agreement with this hypothesis [7]. Since all these methods 
investigated one and the same characteristic of the activity of the analysers in different 
conditions—sensitivity—it may be thought that a single distribution characteristic 
is intimately associated with the mechanism of sensitivity and, consequently, is manifest 
also in the conditions of the method of identification. 

This distribution characteristic common to all the methods is well explained when 
certain basic conditions of discrimination or identification of signals are studied. 
It may be assumed that the existence of the curve of distribution of judgements is to 
be explained by the inaccuracy of the functional localization of the projections of the 
receptive fields in the corresponding projection zones of the cerebral cortex (8). Nu- 
merous random factors deflect the nerve impulses from the most probable path and 
lead to excitation of adjacent points of the projection zone. If it is assumed that each 
random influence on the impulses does not considerably exceed the others and that 
the relation between the individual “interferences”, at least, falls off in time or along 
the path of nerve excitation in the central nervous system, then all the requisite condi- 
tions are met for manifestation of the normal law in the distribution of each category 
of judgements [9]. The probability of such a hypothesis is high if it is assumed that 
the “interference” may be due to interaction of nerve impulses in the central nervous 
system (see also [7, 8, 10]). 

Two ways of computing the d.t. may be mentioned. 

(1) We shall consider the multiplicity of relative frequencies of the judgements 
n,,/n, in which the signals x,(i,j = 1,2...m, where m is the number of gradations of 
quality) are evaluated as the signals x,. This multiplicity determined in certain vicinities 
of the corresponding points x, of the scale of quality of the signal may be regarded 
as a series of selections in a histogram which by supposition tends at the stochastic limit 
to a certain continuous curve of probability densities of normal distribution. The 
parameters a (centre) and o (standard) of this curve are to be found. 

We assume that all the relative frequencies are defined in certain vicinities (— dx, + 6x) 
of points x,, are quite close to equality and quite small (dimensions are determined from 
relation (1)—see below). It is also assumed that for each point such a large number of 
tests have to be made that the relative frequencies are sufficiently close to the probabili- 
ties of obtaining the given category of judgements &, within those intervals. The error 
of the latter assumption may be measured by the value of the error of the interval of 
observation or proportion [7]. 

Then it is possible to use the approximated equality (within an accuracy up to an 
infinitely small value): 


"sw £ (&)-26x, (1) 


n, 
where f(&;) is the required function of the probability densities for the category of 
judgement ¢;. 


2 
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By supposition: 


] 
f&= e 


] 22-o 


It is sufficient to know at least three pairs (consecutive) of the values n,,/n, 
and x, (i= 1, 2,3) to find the parameters a and o from the relations 


Vo 

2 2 72 
(x5 — X$) logio 

Vi 


a — 
V2 Ya 
2} (X3 — Xs) logy, — (X_ — X,) logy =— 
Vi ys 


/2a (X_ — X,) — (x8 — x9) 
o =0°4654 , Ve (4) 
| logi9 — 

Vi 


If more than three pairs of the values n,;/n, and x, are known (which is rarely encoun- 
tered) then use can be made of the method of least squares [11]. 

From the relations (3) and (4) it follows that a and o are the functions {x, - x} 
and, consequently, recognition depends on the step of the scale (see also [3]). It is 
interesting to note that 6x is also a function of {x,;} and {n,,/n,} (see relation (1)), i.e. 


can serve as a characteristic of recognition. 

Obviously, this method of computing d.t. is that extreme case of calculation in the 
method of mean error in which a sufficient number of points of observation is limitingly 
small. Therefore, in comparing the differential sensitivity with use of the methods of 
identification and mean error it is better to use this method of calculation. The sensi- 
tivity is characterized by two values: the measure of the scattera and the measure of 
systematic error Ax = a— x,. 

(2) The second course involves transformation of the frequency distribution into an 
integral by means of the new categories of judgement introduced during calculation 
and which are the sum of the former ones. If on independent presentation of the signals, 
the “former” categories are independent of each other or at least dependence between 
them diminishes with rise in the difference i’—i, then if the ®(y)-hypothesis is realized, 
it applies simultaneously to the former and new categories of judgement. If the former 
categories depend closely on each other then it is assumed in addition that the @(y)- 
hypothesis applies also for the new categories of judgement. In all cases for each pres- 
entation of fixed signal x,, the former categories stand out as incompatible values. 

Here we may distinguish three methods of calculation each of which is similar to 
one of the constant methods. 

(a) We shall introduce the categories of assessment—‘“less than the signal i,”, 
“same as the signal i,” and “greater than the signal i,”’. Obviously, the first category 
of assessment at each point x, will be satisfied by the judgements &(i, j = i, — k), (k = 1, 

x 
1), so that “Hessthan/o * ‘but to the third category belong the 
n n 


t t 
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judgements &(i,j = i, + J) (7 = 1,2...,m 
so that: 


The values of the second category are the frequency distribution discussed above. 
The terms of the first and third categories will compose two cumulative ogives the 
parameters of which can be found by the usual procedures [7,11]. Obviously, the method 
described leads to the distribution obtained in the three-category/constant method. 
The measure of sensitivity here may be the Urban or Kaller thresholds [7] 

(b) It is possible to find the threshold obtained in a two-category constant method, 
for example, by the method of Fechner-Jastrow [7]. It suffices for this purpose to 
distribute the relative frequencies of the second category of judgements at all the points 
x; between the “less” and “greater” categories by one of the usual procedures; pro- 
portional division, rating for unity, etc. 

(c) Clearly, the methods presented are inapplicable for m = 2. Of course, in this 
case it is possible to make use of the known method of Fechner [10] developed as a two- 
category constant method and the ABX method [3,7]. An application of Fechner’s 
method to the measurement of absolute sensitivity is the method of Munson and Karlin 
[3]. Therefore, to obtain a method of calculation applicable to all cases it is sufficient 
to extend Fechner’s method to the case m>2. The recognition of each of two signals 
in a series will thereby be evaluated. 

The problem is easily solved by introduction of only two categories of judgement 
for all the signals of the system. Computing d.t. for any pair of signals x, and x, .,, 
these categories are “above the signal i,” and “not above the signal i,” or yet again 
“not below the signal i, — /”” and “below the signal i, — /. At any point of the scale 


x,, the equalities are realized; 


n 


At the points of the scale corresponding to the signals x, and x,_,, we may write 


=p, and 
n, 


where g; and p, are assessed respectively as the relative frequencies of the erroneous 


and correct identifications and at points x, +] we may put A, gpove;,/M; = P, and 


n n, = q, Where g, and p, are determined in analogous fashion. 


i mot abovei 
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In the case in which g,_, and q,,, are equal to zero, starting from k = 1 and / = 2, 
as is usually done, when there are no conditions for computing the “best” curve, the 
calculation is considerably simplified. From the relations: 


(5) 


we get: 


(7) 


and , Mit. — Oba. (8) 


The threshold can be taken as one of the following intervals of the scale. 

(A) The interval corresponds to the predetermined values of the deviations t for 
both signals: d.t. = to. For example, it is possible to compute the probable error of 
the ogives: d.t., = p.e. = 0°6745 oc. This value is similar to the Kaller threshold in con- 
stant methods. It is also easy to obtain a value similar to the d.t. of Fechner and Jastrow 
in the two-category constant method d.t., = 2xp.e. = 1:349¢ (interval of indetermi- 
nateness). The value of the systematic error is measured by the difference between the 
centre and the position of the half-step of the scale for the signals x, and x, ., 


x, 


ie 
2 

The centre a is the point of “subjective equality” for signals x, and x, ,,, analogous 
to point x, of Urban in the three-category constant method, the difference being that it 
always corresponds to p= g = 0-5 (as in the two-category method). 

(B) The interval between any previously fixed point on the scale and the point cor- 
responding to the previously fixed deviation t for the given signal. As such a fixed point 
if is convenient to take, for example, the position of the half-step of the scale (threshold 
a) or any signal of the system in particular x, and x, ,, (threshold £). The numerical 
value of the threshold is found from the relations: 


d.t..2 =| Aa! + ot; DT, =| Aa} + ot,,, (x) 


and d.t.o, = X;,4, — (a +ot,) 


d.t.n, = (a + ot,4,) — %,, (B) 


The values d.t.,, and d.t.,, are the “right” thresholds for the signal x,, and the values 
d.t.,, and d.t.., the “left” values for the signals x, ,.. The value of the threshold B shows 
at what distance from the fixed point of the scale it is necessary to locate the signal x,, 
(or x,,,) for it to be identified with a definite degree of accuracy. This definition also 





Differential sensitivity in complex signals in man 163 


takes into account the value of the systematic error and of the scatter (the initial and 
central moments of distribution are allowed for), i.e. it follows the more correct defini- 
tion of threshold by Muller [7]. However, these thresholds do not have their analogies 
in other psychophysical methods. The complete characteristic of recognition is given 
by the multiplicity of pairs of d.t. for all pairs of signals of the system. 

It is easy to see that the left ogive in method 2, c is the same as the left ogive in method 
2, a for signals x, ,,. A similar situation applies to the right ogive in 2, c and a. Conse- 
quently, Kaller’s threshold in method 2. A coincides with Kaller’s threshold (A) in 
method 2C. The other values of the thresholds do not exceed each other considerably 
except the threshold obtained by the first method which can be larger than the others 
as desired. 

It is also of interest to compare the thresholds obtained by means of the method 
of identification with those obtained by other methods. It is known that the thresholds 
obtained in one method but using different means of computation are often incom- 
parable since they characterize sensitivity from different aspects [7]. Therefore, only 
experimental comparison of the numerical values of the thresholds obtained by dif- 
ferent means and methods for specific conditions of the experiment is possible. 


SUMMARY 


The conditions and means of evaluating differential sensitivity in the method of 
identification have been analysed. Some assumptions have been introduced on the 
stochastic determinateness of the distribution of categories of assessment according 
to the scale of signals and the normal character of these distributions and also a number 
of other, less important assumptions. Four means of assessment have been described 
corresponding to the four basic modes in other psychophysical methods. The first is 
based on the frequency distribution obtained directly as a results of the experiment 
and is similar to the mode of calculation in the mean error method. The other three 
are connected with transformation of frequency distribution into an integral intro- 
ducing new categories of judgement. They are similar to the three-category method of 
paragraph 2, a, the two-category constant method paragraph 2, b, the methods of 
Frechner, ABX and of Munson-Karlin (paragraph 2, b). The latter can be applied in 
all cases of study of differential sensitivity and allows comparison with the results of 
investigation of absolute sensitivity by the method of Munson-Karlin. 
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INTRODUCTION 


A CONSIDERABLE number of investigations has been devoted in recent years to the study 
of processes of formation of amino acids from simple gases forming part of the earth’s 


primary atmosphere [1]. The mechanism of these reactions is still not clear and every 
investigation carried out is a step forward in the solution of this problem. The energy 
of activation of the processes of formation of complex organic compounds from simple 
gases (ammonia, water vapour, methane and carbon monoxide) may be supplied in 
the form of the energy of an electrical discharge [2-6], X-rays [7], ultra-violet radiation 
[8] or bombardment with fast charged particles [9]. 

The work done with an electrical discharge as the source of activation [2-6] convin- 
cingly demonstrates the possibility of amino acid formation in natural conditions, 
but does not indicate the lines for explaining the mechanism of the reactions which 
occur, since the processes on electrical discharge in molecular gases, occurring with 
formation of ions and radicals, are very complex and there are many variants of the 
schemes of formation of the compounds obtained. 

Synthesis of amino acids by ordinary ultra-violet radiation was carried out by 
Pavlovskaya and Pasynskii [8] who illuminated an aqueous solution of formaldehyde 
containing 1-0—1-5 per cent NH,NO, or NH,Cl for 20 hr with a PRK-2 mercury quartz 
lamp. The authors, by the method of paper chromatography, definitely detected amino 
acids and estimated the amount obtained in tenths of miligrams. They identified glycine, 
alanine, valine and glutamic acid. In recent years, other papers have been published 
reporting the formation of amino acids on exposure to prolonged action of visible 
light of aqueous solutions of paraformaldehyde and ammonium salts [10]. According 
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to a very brief communication [11] amino acids have also been synthesized on illumi- 
nation, with a quartz-mercury lamp, of an aqueous solution of ammonium chloride 
in the presence of a small amount of FeS through which was passed a mixture of methane 
and ethane. Deschreider [12] illuminated with a quartz lamp aqueous mixtures of 
dicarboxylic and monocarboxylic acids with ammonium salts; different combinations 
gave different amino acids. Miller [2] refers to preliminary experiments in which amino 
acids were synthesized from a mixture of gases consisting of CH,, NH, and H,0 on illumi- 
nation with a mercury line of 1850A. Read [13] obtained glycine and alanine with 
prolonged illumination by this same mercury line 1850 A of hot solutions of hexamethyl- 
ene-tetraamine. 

Photochemical reactions, in response to illumination with ultra-violet light, of 
mixtures of simple gases have been the subject of a large number of studies, many of 
which were carried out at the beginning of the 20th century when the only source of 
radiation used was the quartz-mercury lamp. The shortcomings in this work were found 
in the inadequate methods of analysing the compounds obtained; the results were not 
always precisely established and often of a tentative character. 

The use of powerful xenon lamps enabled Groth and his colleagues to investigate 
the photochemical reactions in mixtures of gases having absorbtion in short-wave ultra- 
violet regions. Thus, he studied reactions in mixtures of CO+H, and CO-+CH,. The 
reactions proceeded with the formation of the following products: 


CO + H,—>CO,, H,O,, formaldehyde, glyoxal (14) 


CO + CH, — H;, gyoxal, formaldehyde and other aldehydes (15) 


In 1957 Groth and Weyssenhoff published a short communication [16] and in 1959 
a fuller paper [17] where they reported on experiments with illumination by ultra-violet 
radiation of a mixture of gases consisting of methane, ammonia and water vapour and 
also ethane and ammonia and water vapour in which they detected formation of amino 
acids. In all the experiments the total pressure of the gas mixture was of the order of 
1 atm. For illumination of the methane, ammonia and water vapour mixture a xenon 
lamp was used, the radiation of which was concentrated in the region of the resonance 
lines 1295 and 1470 A. The radiation was delivered through a fluorite window for 
24-30 hr. The light of the xenon lamp glanced the surface of the water which had been 
poured into a special small boat. The photochemical reaction occurred above the 
surface of the water and the products obtained, according to the assumption of the 
authors, accumulated in the water which after evaporation to one drop was analysed 
by the method of paper chromatography. The yield of the products of the reaction was 
at the limit of sensitivity of the method (10-*g). These experiments presented great 
difficulty since they required, in the words of the authors, exceptional care both in 
carrying out photolysis itself and in making the analysis. In these experiments only 
glycine was identified with certainty. 

In addition, the same workers carried out experiments with sensitization by mercury 
vapours of a mixture of gases to radiation in the 2537 A region from a quartz-mercury 
lamp. In these experiments despite careful analysis it was not possible to detect any 
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photochemical reaction in the mixture of methane, ammonia and water vapour. When 
methane was replaced by ethane in the mixture with ammonia and water vapour, amino 
acids and carboxylic acids were detected; both being found in quantities adequate for 
quantitative analysis and precisely the same effect was observed both in experiments 
with sensitization by mercury and without sensitization. 

The object of our work was to investigate the processes of synthesis of complex 
organic compounds, in particular, amino acids on illumination of mixtures of natural 
gases (ammonia, water vapour, methane and carbon monoxide) by the light of a hydro- 
gen lamp with a multiline and continuous spectrum in the short-wave ultra-violet 
region which is closer to the spectrum of solar shortwave radiation than is the radiation 
of a xenon lamp. The preliminary results have been outlined in papers already 
published [18,19]. 

In our work, investigating the same mixture of gases as Groth and Weyssenhoff 
[17] (methane, ammonia, water vapour), it was possible to identify also other amino 
acids, this is probably explained by the difference in the experimental conditions. 


Analysis of the final product of the photochemical reaction was made not only 
for amino acids; in a number of cases we also detected formaldehyde, hydrazine and 
urea, which are apparently intermediate products. 

The formation both of formaldehyde and amino acids as a result of photochemical 
reaction in a mixture of gases subject to short-wave ultra-violet radiation in our experi- 
ments corresponds to the results of the work of Pavlovskaya and Pasynskii [8] who 


obtained amino acids on illumination with considerably longer-wave irradiation 
(2537 A) of an aqueous solution of formaldehyde in the presence of dissolved NH,Cl 
and NH,NO,. 


EXPERIMENTAL SECTION 

The light source was a quartz-hydrogen lamp with water cooling. The lamp voltage 
was supplied from a fullwave rectifier at 1500V, the strength of the discharge current 
was about 1A, the working voltage on the lamp about 1000V. The anode was of alu- 
minium and the cathode (to avoid atomization from heating during prolonged expo- 
sures) of sheet tungsten. The spectrum of such a lamp was obtained in our laboratory 
in a window vacuum monochromator less by a photoelectrical method [20]. The lamp 
was fitted with a special attachment of molybdenumglass connected to the lamp by a 
ground neck; on this attachment the window for the radiation outlet was sealed with 
picein. 

The reaction vessel depicted in Fig. 1 is connected by means of ground neck a to 
the attachment 4. It also communicates with the vacuum apparatus with a mercury 
diffusion pump and gas cylinders. The pressure of the gases is measured by a mercury 
manometer. In the reaction vessel there is a small cup c into which is poured double 
distilled water. The reaction vessel is also fitted with a branch piece with tap d for the 
condensation of the volatile products of the reaction at the end of the experiment. 

Methane was used in the natural state (containing 2-5 per cent higher hydrocarbons 
as admixtures) and as obtained by pyrolysis of sodium acetate (containing not more 
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than 0-5 per cent higher hydrocarbons). The purity of the methane was checked by the 
method of gas-fluid chromatography (the analysis was made by Yu. D. Kernos whom 
we should like to thank). The carbon monoxide was obtained in vacuo by the action of 
formic on sulphuric acid with subsequent purification by passing the gas through a 
system of traps immersed in liquid air. The ammonia was obtained by heating aqueous 
ammonium hydroxide solution and dried in a series of traps immersed in a cooling 
mixture at —25°. The hydrogen for the lamp was obtained by heating titanium hydride 
to 600° or electrolitically with subsequent careful purification by passage through 
a trap containing liquid air and heated platinized asbestos. 


HN] 


to vacuum 
apparatus 














Fic 1. Reaction vessel. a, ground neck; b, attachment to quartz lamp with window; 
c, cup with water; d, branch piece with tap. 


As stated in a previous paper [18] the fluorite and lithium fluoride windows normally 
used when working in the short-wave region of the spectrum lose transparency and 
therefore have to be dispensed with. Most experiments were carried out with a crystal- 
line quartz window of exceptionally high quality about 1 mm thick, the transmission 
of which was measured. The transmission curve of this window a is shown in Fig. 2. 
However, with time this window lost transparency under the action of the radiation of 
the hydrogen lamp owing to the formation of F-centres deep in the quartz and at its 
surface and therefore after several experiments it had to be cleared by gradual heating 
to 600° and polishing. Heating alone was insufficient to clarify the quartz. Fig. 2 shows 
the transmission curves for the heated window (4) and for the heated one with addition- 
al polishing (a). 

The usual sequence of the experiment was as follows. The small cup was filled with 
double distilled water which froze on evacuating the vessel. Then ammonia was admit- 
ted until it ceased to dissolve in the water. The total pressure of the water vapour and 
ammonia over the ammonia solution in water was usually of the order of 100 mm Hg. 
Then we added the other gases—methane or carbon monoxide and in some experiments 
methane and carbon monoxide together. The partial pressures of these gases in the 
mixture were 100 and 400 mm Hg respectively. The exposure was usually 25 hr. The 
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exposure time was based on the result of experimental trials—at shorter exposures 
it was noted that the yield of the reaction products was less although it did not rise 
for exposures longer than 25 hr. Obviously, together with processes of synthesis go 
processes of degradation of the compounds formed with establishment during the 
experiment of a certain equilibrium. 
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Fic. 2. Transmission (%) of quartz window A, A. a, after heating at 600° and polish- 
ing; b, after heating at 600°. 


At the end of illumination the vessel was evacuated until the water in the small 
cup froze and the branch piece of the reaction vessel was placed in liquid air. Slow 
distillation of the volatile products of the reaction and ammonia were carried out into 
the branch piece. The volatile products can be said to include volatile lower amines, 
formaldehyde and other substances. Distillation proceeded until in the small cup 
there remained a drop of liquid which was subjected to analysis. The fluid distilled into 
the branch piece was also analysed. Preliminary experiments showed that the yield 
of the reaction products in each experiment was several micrograms of substance. 

The main method of investigation was paper chromatography. For better separation 
of the amino acids we adopted three-fold repeat descending chromatography. The 
paper used was Leningrad fast paper first treated with ortho-hydroxy-quinoline with 
subsequent washing in distilled water. The solvent was a mixture of butanol, acetic 
acid and water in the ratio 4:1:1. Chromatography was at room temperature. The 
time for each single passage on the chromatogram was 20-25 hr and 0-2 per cent nin- 
hydrin solution in acetone served as developer for the amino acids. The chromatograms 
were developed at 65° and after 24-hr storage in the dark when development was com- 
plete, fixation was carried out with a solution of copper nitrate. In this way in the drop 
of fluid left in the small cup compounds were detected giving a positive ninhydrin 
reaction and identified according to the controls as the amino acids: glycine, a and. 
f-alanine and a-amino butyric acid, valine and leucine or nor-leucine. The chromato- 
grams were developed for urea and hydrazine with solution of dimethylaminobenzal- 
dehyde [21]. 

It is known that the ninhydrin reaction is characteristic not only of amino acids 
but also of other compounds, in particular, peptides and aliphatic amines [22, 23]. 
The method used by us did not enable us to distinguish amino acids and amines since 





Amino acids under the short-wave and ultra-violet radiation 169 


the R, numbers of certain amines and amino acids identified by us have similar values. 
The lower amines (methylamine and ethylamine) at room temperature are gases, the 
higher ones, highly volatile fluids. Therefore, to make sure that in chromatography 
we detected and separated the amino acids and not the amines, in some control experi- 
ments the liquid from the small cup was distilled to dryness and to the dry cup was 
added one drop of double distilled water which was then subjected to chromatography. 
Both on distillation to the dry state and in the case in which in the cup there remained 
a drop of non-distilled fluid identical results were obtained in the chromatograms; 
it may thus be concluded that the compounds formed in the photochemical reactions 
were not amines but must be identified as amino acids. 


The diploma work by B. Kurbatov in our laboratory revealed using the mass spectro- 
meter, formation of methylamine and ethylamine from a mixture of methane and 
ammonia under the action of the light of a hydrogen lamp [19]. A negative ninhydrin 
reaction of the product distilled in our experiments into the branch piece suggests 
that the amines may be intermediate products in the formation of amino acids. Moreover, 
the amines might be evacuated together with the gases from the reaction vessel before 
the start of distillation of the liquid from the small cup into the branch piece. 


In the chromatograms containing the amino acids listed above (we have given 
an example of such a chromatogram in a preliminary paper [18]) two spots were always 
present which we were unable to identify, but which did not disappear on distilling 
off the water from the cup to dryness, i.e. they were not amines. In the control chroma- 
tograms for the effect of the vaccum paste fumes, these spots did not appear. In addition, 
it was noted that in experiments with mixtures of gases containing CO the less mobile 
amino acids with a lower R, value were more intensely developed, i.e. glycine, glutamic 
acid and alanine; but in the experiments with only methane, ammonia and water the 
more mobile amino acids developed much more intensely (leucine, valine and a-amino- 
butyric acid) but glycine was hardly seen. 

The material distilled into the branch piece was carefully analysed; it gave in all 
the experiments a negative reaction for urea and amino acids on chromatographic 
analysis. 

Formaldehyde was determined in the distillate from the appearance of a violet 
colour of the test solution with /:8-dihydroxynaphthalene 3:6-disulphonic acid (chro- 
motropic acid) in the presence of sulphuric acid (24). The chromatropic acid reagent 
does not give this colour with other aldehydes nor with glyoxal. The sensitivity of 
the method was lug per ml solution. 


RESULTS 


The amino acids were synthesized in three series of experiments. The following 
mixtures of gases were illuminated: (a) ammonia, methane and water vapour; (b) 
ammonia, methane, water vapour and carbon monoxide; (c) ammonia, water vapour 
and carbon monoxide; the total pressure of the mixture was usually about 600 mm Hg. 

All the experiments were done over liquid water. Each experiment was repeated 
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several times to check the reproducibility of the results which are given in Table 1. 
The positive and negative results of analysis for amino acids hydrazine, urea and for- 
maldehyde are denoted by the signs + and — respectively. 

To check on purity in the experiments and to avoid the influence of extraneous 
sources of amino acids, controls were run. 

(1) During 24 hr in a reaction vessel the usual mixtures of gases were kept without 
illumination. After chromatography of the drop of fluid left behind in the cup after 
distillation none of the compounds obtained by illumination were detected. 


(2) During 24 hr water vapour and ammonia were illuminated over liquid water 
to check the effect of the vapour of the vacuum paste with which the ground neck 
and tap of the vessel were smeared and also of the picein. Only hydrazine was detected. 


As stated above, the vacuum device had a mercury pump and a mercury manometer. 
Therefore, although the mercury vapour was frozen with liquid air it was impossible 
to be certain that its influence was absent. It is known that mercury vapour at room 
temperature is a sensitizer in the photochemical decomposition of water vapour and 
ammonia [25, 26]. However, the effect of the mercury vapour as a sensitizer is weaker 
for methane [27] but the methane in our experiment was a harder component to excite. 
However, it was necessary to exclude the possibility of amino acid formation in the 
conditions of our experiments through sensitizing the photochemical reaction by mercu- 


ry vapours. 


TABLE 1 


Mixture of gases AmaO Hydrazine Urea Formal- 
acids dehyde 

NH; + CH,* + H,O 

NH, + CH,** + H,O 

NH, + CH, + H,O 

+ CO 

NH, + CO+ H,O 


* CH, an natural gas. 
** CH, an obtained by pyrolysis of CH,COONa. 


To check on this we ran experiments with illumination of a mixture of methane, 
ammonia and water vapour without the mercury manometer. The gases were introduced 
in definite volumes. The result of these experiments did not differ from the usual ones. 
In addition, experiments were carried out in which the reaction vessel was specially 
saturated with mercury vapour. For this purpose a drop of mercury was placed close 
to the cup containing the water. This also did not affect the results. 

Evidence of absence of an effect of mercury vapour was also provided by our ex- 
periment with illumination of the same mixture of gases through a window of “uviol” 
glass the transmission of which (as Fig. 3 curve 6 shows) starts only from 1800 A. 
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The radiation transmitted by the window was located in the longer-wave region than 
was necessary for direct excitation of methane (at least 1600 A). In this experiment 
no amino acids were detected. 

In order to arrive at a solution of the problem of the mechanism of the reactions 
occurring we conducted experiments with illumination of the individual components 
of the system, mixture of gases and liquid water. The results are given in Table 2. 


Yo 
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Fic. 3. Transmission (%) of windows. a, quartz; b, “‘uviol” glass; c, glass 2, A. 


In these experiments the pressures of the gases were the same as those in the experi- 
ments with liquid water shown in Table 1. Experiments 2-5 were also similar to the 
control experiments to check the effect of the picein vapour and the vacuum paste 
with which the ground joints were smeared. 


TABLE 2 


Amino 
acids 


CH,;+NH,;+H,0 vapour without 
liquid water 

Liquid water, water vapour 
CH,;+H,O vapour over liquid 
water 

CO+H,0 vapour over liquid 
water 

NH,+H,0 vapour over liquid 
water 

NH,;+CO without liquid water 


Mixture of gases Hydrazine Formaldehyde 


All the above-described experiments were carried out with a quartz window transmit- 
ting radiation longer than 1450 A. To elucidate the effective spectral region we illumin- 
ated a mixture of methane, ammonia and water vapour over liquid water through 
windows the transmission of which is shown in Fig. 3. With a uviol window which is 
transparent for wavelengths longer than 1800 A hydrazine formed in small amounts. 
For a glass window (transmission represented by curve c in Fig. 3) analysis for hydrazine, 
formaldehyde and amino acids gave a negative result. 
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DISCUSSION OF RESULTS 


The principal results of our experiments which might lead to elucidation of the 
mechanism of obtaining complex organic compounds are firstly, formation of formal- 
dehyde in the mixtures of gases CO+H,O and CH,+H,0 over liquid water; secondly, 
formation of urea in mixtures of NH,;+CO over liquid water and without water. 

Detection of formaldehyde in the two-component mixtures CO+H,O and CH,+ 

H,O indicates the possibility of formation of formaldehyde as an intermediate product 
during synthesis of amino acids in the mixtures CH,+NH,+H,O and CO+H,O+NH 
Synthesis of amino acids may occur in an aqueous solution of the formaldehyde formed 
with ammonia along lines similar to those observed by Pavlovskaya and Pasynskii [8]- 

In discussing the possible schemes of formation of formaldehyde and other com” 
pounds it is necessary to take into account the information in Table 3 on the photo- 
chemical decomposition and activity of the gases involved in the reaction. 

The longwave boundary of the photochemical activity in mixtures of gases may be 
shifted towards long waves as compared with the boundary for their photo decomposi- 
tion indicated in Table 3 since the molecules in the excited state may be chemically 
active. For example, CO has an absorption at about 2000 and 1500 A, the absorption 
of methane starts from 1800 A [36]. 


TABLE 3 


Yr , > 
Long wave Primary 
: y of ' 
boundary < reaction End reaction products 


»hotochemical 
photochemic products 


decomposition 
1295 Cc+O0O CO, (28) 
1900 NH,+ H H., Nz, NeH, (29-32) 
1850 H + OH H,, O., H,O, (33) 
1470 CH;+ H H., C2.H,, C2Hy, C2H, (34, 35) 


In the light of the hydrogen lamp with the maximum at 1650 A the water vapour 
decomposes with the formation of H,, O, and H,O, as the end products of the reaction 


and it is considered as established that the primary process is the dissociation of water 
into H and OH 
H,O + Ay H + OH [33 (1) 
Formation of formaldehyde in a mixture of CO + H,O may occur in the gas phase 
and requires according to the assumption of several workers [14, 37] presence of hydro- 
gen atoms which in our case appear on photolysis of water: 
CO + H— CHO, 
CHO + CHO — CH,0 + CO 


Reaction (2) requires a relatively low energy of activation which may be supplied 
in the form of the energy absorbed by the molecules of CO in the region of 2000 A. 
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The formation of formaldehyde in the mixture of CH, + H,O may come about 
in two ways. 

(1) Methane is decomposed under the action of light at a wavelength of 1470 A 
(the fraction of such radiatian in our experiments was low) with the formation of the 
CH, radical and atomic hydrogen 

CH,+ hy > CH, + H [34;35] (4) 


(2) Formation of the CH, radicals may also occur on collision of the methane mole- 
cules with atomic hydrogen obtained on photolysis of water 


CH, + H= CH, + H, [38] (5) 


4 
This reaction requires a comparatively low energy of activation equal to 17 kcal/mole. 
As stated above, methane absorbs at about 1600 A which corresponds to an energy 
of 180 kcal/mole. 
Further, the interaction of the CH, radicals and oxygen obtained in the photolysis 
of water is possible and this may lead to the formation of formaldehyde. 


CH, + 0, CH,O + OH [38] (6) 


It should be noted that Groth and Weyssenhoff [17] working with a xenon lamp 
conducted experiments in conditions more advantageous for achievement of the dis- 
sociation of methane according to reaction (4), but did not obtain a considerable yield 
of amino acids. This apparently may be connected with the fact that they worked with 
a CaF, window which very rapidly loses transparency during the experiments; in ad- 
dition, the light flux in their arrangement skimmed the surface of the water and the 
reaction of formaldehyde and ammonia under the effect of light could not occur in the 
aqueous solution. 

In the literature there is no information on synthesis of urea in gas mixtures of CO 
and NH, under the action of light. In the electric discharge in N, + H, + CO urea has 
been detected [39] which apparently formed as a result of the interaction of carbon 
monoxide and ammonia formed from hydrogen and nitrogen in the discharge. 

Berthelot and Emeleus [41] illuminated carbon monoxide and ammonia with 
a quartz-mercury lamp and considered that as a result of the reaction formamide formed 
although they did not make a precise identification. 

In our experiments with CO + NH, + H,O mixtures over liquid water and CO + 
NH, without liquid water, urea was identified not only in the small cup but also on the 
window in the form of a white deposit. The reaction might have occurred thus 


NH, + Ay NH, + H (7) 


The possibility of this reaction is confirmed by the formation of hydrazine N,H,, 
detected by us, from the NH, radicals and so: 


NH, + CO CONH, (8) 


CONH, + NH, > CO (NH;), (9) 
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The existence of the CONH, radical as an intermediate in the reaction has been as- 
sumed in assessing the results of photolysis (A = 2500A) of acetamide CH,CONH, 
[42]. No urea was found amongst the products of photolysis although the authors 
assumed that the CONH, radical in the experimental conditions readily underwent 
dissociation with the formation of the NH, radicals 

CONH, — CO + NH, 


In our experiments processes (8) and (9) were apparently promoted by the presence 
of shortwave radiation. 

In the CO + NH, + H,O mixtures we detected amino acids which were characteri- 
zed by smaller Rp numbers (glycine, a -alanine, etc.). The formation of amino acids in 
this mixture should perhaps be connected with synthesis of urea as intermediate prod- 
uct. In the work of Lob [43] it was pointed out that glycine was identified after a dis- 
charge in water vapour and formamide. 

In the CO + NH, + CH, + H,O mixture both urea and formaldehyde were iden- 
tified. They, of course, might enter into reaction between themselves giving more 
complex compounds [44]. Amongst the products of the reaction in the CO + NH; + 
CH, + H,O mixture formaldehyde was detected by us in larger amounts than in CO + 

NH, + H,O where apparently synthesis of urea was the predominant process. 


SUMMARY 


(1) Experiments have been conducted on photolysis with radiation by a hydrogen 


lamp of mixtures of natural gases consisting of ammonia, methane, carbon monoxide 
and water vapour over liquid water, two-component mixtures of these gases and liquid 


water alone. 

(2) In the CH, + NH, + H,O mixture amino acids, hydrazine and formaldehyde 
were detected. 

In the CH, + NH, + H,O + CO and also NH, + H,O + CO mixtures amino 
acids, formaldehyde and urea were detected. 

(3) The assumption is advanced that formaldehyde and urea are intermediate prod- 
ucts in synthesis of the amino acids. 

(4) Absence of a sensitizing effect of mercury vapours on the reaction has been 
demonstrated. 

(5) The effective spectral region during photosynthesis of amino acids in a mixture 
of CH, + NH, + H,O was from 800 to 1450 A. 

Laboratory worker N. V. Rudenko took part in the experimental part of the work. 
The authors wish to express their gratitude to Academician A. N. Terenin for the themes 
proposed and advice given during the discussion of the results. 
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As is known [1] ultra-violet rays of wavelength 253-7 mu suppress photosynthesis of 
chlorella without thereby changing the intensity of respiration. The effect of other 
wavelengths and in particular the longer waves has not been studied. However, natural 
n especially at high altitudes, contains an appreciable quantity of near (2 > 300 
mu) ultra-violet radiation [2]. Moreover, many sources of artificial light used to grow 
chlorella may also emit ultra-violet radiatior 
The near ultra-violet rays do not have a lethal effect on chlorella [3]. However, 
because of tl ‘nce in the latter of chlorophyll, functionally connected with photo- 
synthesis and al g not only in the visible but also in the ultra-violet region [4], 1t 
near ultra-violet radiation may also effectively inhibit photosynthesis. 
question arises as to how inhibition of photosynthesis by ultra-violet 


depends on the dose and wavelength of the radiation. The dependence on wavelength 


(spectrum of action) is also of interest in the sense that on this basis it 1s often possible 


1 


nfer the nature of the system directly interacting with radiation—a problem which 
ull an open one 

type of information was also of interest to the authors of the present article 
the point of view of the possibility of making use of ultra-violet radiation as an 
inhibitor of photosynthesis. Such a possibility is particularly convenient in those cases 

in which the culture is in hermetically sealed vessels [5,6]. 
In relation to the above points, measurements were made in order to obtain data for 
a quantitative evaluation of the effect of ultra-violet radiation of different wavelengths 


on the photosynthesis of chlorella. 


METHODS 


All the experiments were carried out with Chlorella pyrenoidosa. The alga was cul- 
tivated in 1-8 |. polymethyl methacrylate chambers through which was passed a conti- 
nuous stream of air enriched with 0-5-1 per cent CO,. The suspension was illuminated 
with several BS-15 fluorescent lamps arranged in parallel and giving a total luminosity 
of approximately 6000 Ix. The temperature of cultivation was about 22°. Tamiya’s 


* Biofizika 6: No. 2, 159-164, 196] 
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medium was used [7]. The density of the cells in the chambers (~15 x 10’ cells per ml) 
was maintained by means of ar automatic photoelectric device. Before irradiating the 
suspension the nutrient solution was removed by centrifugation at 2500 r.p.m. for 
10 min; to the cells was then added Warburg’s No. 9 buffer (0-1M NaHCO,, 0°1M 
K,CO,) and after repeat centrifugation and removal of the fluid, buffer was again 
added and the density adjusted to 4-5 x 10’ cells per ml. 


Effective wavelength Lamp Filter 
of isolated region mu 

254 BUV-15 

286 PRK-4 

310 PRK-4 

365 PRK-4 


Part of the suspension was not exposed to the action of ultra-violet radiation and 
served as control. Irradiation was carried out under a frame with 5 bactericidal BUV-15 
lamps or under a PRK-4 lamp equipped with suitable light filters (Table | 

Che spectral transmission curves of the filters BS-11, UFS-4, UFS-i and BS-3 co1 
responded to the specifications. The spectral curves of the Sh-! filter and the F250-280 
chloro-bromide filter, forming part of the MUFZM ultra-violet microscope, were 


recorded by a SF-4 photoelectric spectrophotometer and are presented in Fig. 1. 


Tr % 
60}\——— 





— 
Transmission spectra 


Figure 2 shows the spectral zones separated by the above procedure; they were 


computed on the basis of the spectral transmission curves of the light filters used and 
the emission spectra of the BUV-15 [8] and PRK-4 lamps (according to the factory 
instructions). The line 365 my was separated by the UFS-4 filter practically in pure 
form and therefore the data for it are not given in Fig. 2 

[The suspension was irradiated in glass phials 60 mm in diameter. The thickness 
of the layer of suspension in all experiments was the same, about 4-5 mm. The density 


of the cells as already stated, was 4-5 x 10° cells per ml 
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The temperature of the suspension on irradiation was maintained at 20—25° by means 
of a cooling bath or electric ventilator controlled by a thermistor thermometer. For 
short exposures (up to 5 min) to mix the cells, the phial was continuously shaken by 
hand. For longer exposures the shaking was done at short intervals. 











Relative intensities 











250 25 300 A, mn 


Fic. 2. Spectral composition of radiation isolated by sources and filters indicated 
in Fig. 1. 


The intensity of the ultra-violet radiation was measured by a thermopile calibrated 
at the V.N.LI.M. shortly before the experiments. The intensity of the radiation of the 
separated spectral regions were of the order of 10,000 erg/cm? sec. The dose was varied 
by changing the time of irradiation. 

The intensity of photosynthesis was determined in a Warburg apparatus. The ves- 
sels were illuminated from the top with incandescent lamps giving (after passage of 
light through an aqueous filter and an attenuating copper grid) a luminosity of about 
5500 Ix. The experiments usually terminated 1-5-2 hr after irradiation. 

The direct measurements in the Warburg vessel lasted 45 min during which the 
readings of the manometers changed proportionately with time. Thus, it may be consid- 
ered that the value of photosynthesis measured gives the degree of photosynthesis 
directly after irradiation. 
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RESULTS OF MEASUREMENTS 


1. Dose curves. Fig. 3 on a semi-log scale depicts the relation between the residual 
photosynthesis and dose of ultra-violet radiation. We define the residual photosynthe- 
sis as the ratio of the intensity of photosynthesis of the irradiated to that of the unir- 
radiated (control) suspension. 

No corrections were applied for respiration. In the conditions of our experiment 
the intensity of respiration was 10 per cent of that of photosynthesis. In a number of 
studies it has been shown that for not too high doses of ultra-violet radiation but 
sufficient to inhibit photosynthesis, the intensity of respiration of chlorella remains. 
practically constant [1, 9, 10]. 

The dose curves of the residual photosynthesis of the irradiated chlorella suspension 
given in Fig. 3 were obtained on the basis of measurements made over many months. 
During this time the physiological state of the cultivated ch/orella undoubtedly did not 


log 2 
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Fic. 3. Curve relating residual photosynthesis to dose of ultra-violet radiation 
(dose curve). 


remain constant and probably this fact largely explains the scatter of the points in 
Fig. 3, although of course, errors also came from the measurements of intensity of 
radiation and, to a lesser degree, the intensity of photosynthesis. We would note that 
the sensitivity of chlorella cells to the action of ultra-violet radiation closely depends 
on the phase of their growth [11]. Thus, the dose curves presented may be taken only 
as a guide. 

In this connexion it is of interest to compare the values of the doses giving 50 per 
cent inhibition of photosynthesis (D.,,) obtained by us with those computed by us from 
the findings of other workers (Table 2). 

Reference must be made to the non-linearity of the curves in Fig. 3. This indicates 
that the effect of ultra-violet radiation on photosynthesis is not a single quantum pro- 
cess [1, 9, 10]. 

It is known [9, 10] that the degree of inhibition of photosynthesis by ultra-violet 
radiation increases with time and about 5 hr efter irradiation reaches its final value. It 
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YLET RAYS (/ 254 my) INHIBITING PHOTOSYNTHESIS BY 50 PER CENT, 


ACCORDING TO RESULTS OF VARIOUS WORKERS 


D'/, (10° erg/cm?) Notes 


1 carbonate buffer No. 9 


Cfiorelia pyrenoidosa l 
same 

Chlorella pyrenoidosa carbonate buffer No. 

Chlorella pyrenoidosa in Knopf’s solution 


Chlorella pyrenoidosa in carbonate buffer No. 


ointed out [10] that during the first 2 hr after i the intensity of 


little. Thus, the initial inhibition studied in our 
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mation curve (Fig. 4) it is possible to compute ¢,,. Plotting the curve e«,,/A,, gives the 
spectrum of action of the second approximation. 
The relevant calculations were made for regions corresponding to 4 = 286 my and 
A = 310 mu. (The regions A = 254 my and A = 365 my. in practice contain one line.) 
The more precise curve practically coincides with the initial one and therefore only the 
latter is shown in Fig. 4. 
é 














= i we 
250 J25 A,mp 
Fic. 4. Spectral curve of effectiveness of inhibition of Chlorella photosynthesis 


by ultra-violet radiation (action spectrum). 


\lthough our findings do not allow us to indicate the precise position of the maxi- 
mum of the curve it may be asserted that if this maximum really exists, then it is not at 
a position characteristic of the spectra of action of a large number of biolog- 
al processes and corresponding to the absorption maximum of proteins. On the other 
hand, the curve in question can easily be drawn to have a maximum at 260-265 my; 
this corresponds to the absorption maximum of substances of a nucleic nature and is 
characteristic of a large group of other biological processes [12]. Another peculiarity 
of the curve obtained, also characteristic of the great majority of biological processes 
affected by ultra-violet radiation, is the sharp drop in the action spectrum around the 
wave-length 310-320 mu 

Since the absorption coefficients of ultra-violet radiation by chlorophylls a and b 
in the region 310—360 mu are greater than in the 265-310 mu region [4] it may be con- 
cluded that inhibition is not induced by the quanta absorbed by chlorophyll. 

But we observed that the ch/orella suspension irradiated with ultra-violet radiation is 
discolored after illumination with visible light of sufficient intensity. The discoloration 
of chlorophyll in plants, as is known [13], is usually attributed to a change in the state 
of the pigments in the chloroplast. Hence, the effect of the ultra-violet radiation at least 


partially is localized in the chloroplast and therefore it is quite probable that inhibi- 


tion of photosynthesis is due to interaction of the ultra-violet quantum and the nucle- 


otide or nucleic acid of the chloroplast. 


SUMMARY 
(1) The relation between the degree of inhibition of photosynthesis of the alga 
Chlorella pyrenoidosa and the dose of ultra-violet radiation for four effective wavelengths 


has been measured. 
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(2) From the results a spectral curve of inhibition of photosynthesis by ultra-violet 
radiation has been plotted. The shape of the action spectrum and the phenomenon of 
discoloration of the irradiated chlorella suggests that the inhibitory effect of ultra-violet 
radiation is produced by their interaction with a substance of a nucleic nature contained 


in the chloroplast. 
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CHANGE IN AMPLITUDE IN SPONTANEOUS TRANSITIONS 
OF ACTOMYOSIN PREPARATIONS FROM ONE STATE TO 
ANOTHER ON STORAGE OF PREPARATIONS* 


S. E. SHNOL’, O. A. RUDNEVA, YE. L. NIKOL’SKAYA and T. A, REVEL’SKAYA 
Central Postgraduate Medical Institute, Moscow 


(Received 16 June 1960) 


THIS paper is devoted to a further analysis of the phenomenon previously described 
[1, 2]}—simultaneous change in all (or the greater part) of the molecules in the entire 
volume of an actomyosin preparation without application of any controllable external 


factors. 

The basis for the assertion of the existence of this phenomenon is provided by statistical 
analysis of the results of a large number of measurements of the adenosine triphosphatase 
(ATPase) activity of the preparation when one test was separated from another only 
by a short interval of time (1, 5, 15 and 30 sec in different experiments) and all the rest 
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of the conditions as far as possible strictly corresponded to the principle “other things 
being equal”. A discrepancy in parallel results greatly exceeding the error of the method 
was hereby observed. The statistical distribution of the results of the measurements 
sharply differed from the normal Gaussian distributiona—the results were grouped not 
about the arithmetic mean but about 2-3 (and more) values differing from the mean. 
Assessment of the correspondence of the experimental curve of statistical distribution 
to a normal distribution curve made in special experiments [1] by the method of Pear- 
son [3] showed quite significant differences between them. 

Taking into account the presence of a large number of the order of 10°10", of 
molecules (micellae) of actomyosin in any portion of the preparation, any significant 
deviation of the results from the arithmetic mean can be interpreted only as simultaneous 
change in the greater part of the molecules (micellae) throughout the volume of the 
preparation. However, the preparations were not subject to any directed external 
factor causing immediate transition to one state or another. 

Two possible explanations of the phenomenon discovered now seem to us likely. 

Since there are no external factors simultaneously influencing all the molecules 
(micellae) of the preparations, then the individual molecules may change only as a 
result of local fluctuations in temperature, charge, etc. However, such fluctuations 
may become noticeable in macro volume only provided that the random change in 
one micro-part of the preparation is fixed in it and spreads to the entire volume of the 
preparation. In a previous work we gave an explanation of the mechanism of such 
fixation and spread of random changes (fluctuations) to the entire volume of the pre- 
paration on the basis of the concept of Kirkwood and Shumaker [4] on aggregation of 
homogenous macromolecules. It became necessary for us to supplement the theory of 
Kirkwood and Shumaker and to assume an extraordinarily high degree of interaction 
of all the molecules (micellae) in the preparation. In postulating such a mechanism, 
it is relatively easy to conceive of a single state for the entire preparation. A spontaneous 
change in state, also as a result of chance fluctuation in micro-volume seems far less 
probable—such change would be accompanied by disturbance in the interaction of 
a huge number of aggregated molecules with subsequent establishment of a new inter- 
action which would apparently require a very high energy of activation. 

A second possible explanation of the phenomenon observed may be offered by 
analogy with rhythmical processes well known in chemical kinetics—periodic changes 
in the rate of the total reaction in the presence of several-forms of catalyst of variable 
activity. An essential contribution to understanding such processes has been made by 
the work of Frank-Kamenetskii [5]. Recently, Christiansen [6] has concerned himself 
with these problems in relation to enzymatic processes. 

Christiansen [6] has theoretically demonstrated the possibility of a non-classical 
solution of the equations of the kinetics of the action of an enzyme which may exist 
in different forms. Classical solution of kinetic equations starts from the point that the 
different forms of the enzyme are in a state of dynamic equilibrium with each other 
and the measured rate of the enzymatic reaction is the result of statistical combination 
of simultaneous reactions catalysed by different forms of the enzyme. Christiansen 
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showed [6] that of equal validity is a solution based on the existence at any moment of 
only one form of enzyme which is then converted to another and so on. The work of 
Christiansen indicates a possible way of computing the periodicity of these “sponta- 
neous” conversions. 

The work of Frank-Kamenetskii and Christiansen [5, 6] makes it possible to pre- 
sent a unified change in all the molecules (micellae) in the actomyosin preparation, 
not as a result of their full interaction but as a result of uniform sequence and rhythm 
of changes. In other words, all the molecules (micellae) undergo simultaneous changes 
because they all start to change simultaneously and a stay in one state inevitably invol- 
ves transition into another state identical for all molecules. The reason for the simul- 
taneous start of changes of all the molecules of the preparation may be, for example, 
the dilution made before each experiment of the original protein solution with an equal 
volume of 0-025 M sodium bicarbonate. After receiving this “synchronizing” impetus 
the preparation as a whole without additional external influences “spontaneously” 
starts to pass from one state to another. 

As previously noted [l, 2] the changes in the actomyosin preparations described 
are manifest in change in the adsorption capacity of the protein. Using very concentra- 
ted solutions of actomyosin (as in our experiments) one cannot consider the amount of 
free inorganic phosphate appearing in the medium as a result of the interaction of acto- 
myosin and ATP as a measure of the ATP-ase activity of the preparation. Apparently, 
the rate of appearance of free inorganic phosphate in the medium is determined not by 
the rate of its splitting off from ATP but by the rate of desorption from the surface of 
the protein micellae. The term “ATP-ase activity” as used hereafter has therefore only 
a nominal meaning. 

In previous papers [1l, 2] attention was focused on demonstrating that the pheno- 
menon discovered was not an artefact. In the present paper, together with further 
evidence of the reality of the phenomenon described, an analysis is given of the change 


in the properties of the preparation on storage. 


PREPARATION AND METHODS 


We used adenosine triphosphate (ATP) issued by the Ivanovskii Meat Combine 
without additional purification. The actomyosin was obtained as previously described 
[1]. The capacity of the preparation for spontaneous changes and for changes under 
the influence of weak stimuli [7, 8] to a large extent is dependent on the detailed method 
of obtaining the preparation. If the rabbit muscles are homogenized in a homogenizer 
of the Warring type immediately after killing and then as usual the water-soluble pro- 
teins extracted with three changes of water in the cold, then the amount of protein 
extracted with 0-5 M KCI and 0-03 M NaHCO, is low and comparatively non-viscous 
solutions are obtained displaying virtually no capacity for spontaneous change. Keeping 
the muscles before comminution at room temperature for 10-45 min (varying for the 
different muscles) gives viscous actomyosin preparations, on average 50 per cent more 
concentrated, which as a rule display the properties required for our purpose. Longer 
storage of the muscles before comminution does not lead to further increase but to 
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a decrease in the concentration of proteins in the actomyosin preparation which is in 
accord with the findings presented in paper [9]. This increase in the extractability of 
protein is apparently not connected with breakdown of ATP since in all cases extraction 
was continued for about 18 hr but was due to processes occurring in the intact muscle 
after killing the rabbit. The actomyosin preparations were kept in a refrigerator at a 
temperature of +2°. Usually 20 min before the experiment the actomyosin preparation 
was mixed with an equal volume of 0-025 M NaHCO, and centrifuged for 5 min at 
3000 r.p.m. The inorganic phosphate was determined after extraction of the phospho- 
molybdate complex by butanol or isobutanol with stannous chloride as reductant [1] 
and in trichloracetic filtrates using ascorbic acid as reductant. The results did not 
depend on the method of determining the phosphate. 


RESULTS 

Figure 1 depicts the results of a typical experiment. The ATP-ase activity of the indi- 
vidual portion of the actomyosin preparation was taken with the same pipette (the 
pipettes used were treated with silicone in order to reduce the dispensing errors) from 
a common vessel at 30 sec intervals. The actomyosin solution (0-4 ml) was added suc- 
cessively to 40 tubes placed in a water thermostat at a temperature of 23° each contain- 
ing 0-4 ml ATP solution with a concentration of 3 mg/ml in 0-05 M NaHCO,. Sampling 
during incubation was made twice, after 6 and 12 min. With a common pipette at 30 
sec intervals 0-4 ml incubation mixture was introduced into previously prepared tubes 
each containing 1 ml isobutanol, 0-2 ml 5% ammonium molybdate in 4N H,SO, and 
0-6 ml water. The samples were vigorously shaken for 30 sec and then the amount of 
free inorganic phosphate determined by stannous chloride [1], 7]. 
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Fic. 1. Content of inorganic phosphate after 6 (1) and 12 min (2) incubation of actomyosin and ATP in 

samples differing only by 30-sec intervals in the addition of actomyosin from the common vessel to the 

tubes containing ATP. Abscissa, ordinal number of sample; ordinates, concentration of inorganic phos- 
phate in samples as percentages of arithmetic mean. 
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Figure | shows that the content of mineral phosphate varied greatly for the samples 
which differed for the 30 sec intervals only in the time protein was added (with an 
identical time of subsequent incubation with ATP). These differences were plainly not 
due to the method of subsequent analysis as borne out by the almost complete identity 
of the shape of the curves plotted from the results of determination of the inorganic 
phosphate after 6 and 12 min incubation with ATP. The fact that differences persist- 
ed in the portions of actomyosin on farther incubation with ATP confirms the early 
assumption [1] of the rdle of ATP in fixing the state of the protein. 

Thus, the differences in the samples were due to differences in the added protein. 

Is it possible that such a variation in the added portions of protein was the result of 
inaccurate measurement of the viscous solutions of actomyosin, i.e. is not this difference 
due to discrepancy in the amount of protein added to the samples? The unlikelihood 
of such an assumption has been illustrated in detail in a previous paper [1]. Indeed, 
for such an assumption the errors in measuring should reach 200—100 per cent on either 
side, i.e. instead of 0-4 ml, 0-8-0-2 ml solution would have to be added, which is quite 
improbable. Evaluation of the errors in the model experiments is characterized by the 
value of the standard deviation o = 2-5-3-5 per cent, whereas the amplitude of the 
deviations of the results of the experiments with actomyosin is characterized by o 
= 8-20 per cent [1]. To obtain an idea of the value of the error in the least precise 
experimental -operation—measuring out the protein solutions—direct measurement 
was made of the variations in the amount of protein for different samples in the same 
experiment. For this purpose two experiments were run simultaneously. In one, the 
statistical scatter of the results was determined on addition of protein solution to ATP 
with subsequent analysis as described above. In the other experiment, with the same 
pipette the same amounts of protein solutions were measured off in heat resistant tubes 
and ashed in them with concentrated H,SO, and CuSO, with addition of H,O,. The 
amount of protein in the samples was determined from the nitrogen in the ash by steam 
distillation according to Kjedahl. The error in measuring out the solution of acto- 
myosin thus determined was 2-5—3-5 per cent. In parallel experiments the deviation of 
the results determinations of the ATP ase activity determinations from the arithmetic 
mean was characterized by the value o = 11-5-12-5 per cent (it should be borne in 
mind that individual samples in these experiments differed from the mean by almost 
100 per cent). Thus, it was a matter of actual changes in the properties of the protein, 
the amplitude of which on average exceeded 3-5-4 times the errors of the method. 

The curves of distribution of the results of the experiment that differ from the normal 
curve characterize the spectrum of states in which the pro-ein may be undergoing 
spontaneous changes. Statistical analysis gives results which in similar cases but with 
non-synchronous change in the atoms and molecules requires the application of “spec- 
tral” devices. The resolving power of such statistical spectral analysis depends on the 
amplitude of the changes and the accuracy of the method. 

Investigation of the capacity for spontaneous changes in the actomyosin preparations 
at different times after obtaining them revealed that this capacity diminishes on storage. 
The viscosity and errors of measuring out the preparations change insignificantly. 
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Figure 2 represents the evolution of the statistical spectra of several actomyosin prep- 
arations during storage. Analysis of the spectra in Fig. 2 brings out three factors: (1) 
the spectra of the various preparations may strongly differ from one another; (2) when 
the statistical §pectra are repeated for the same preparation for a short period of storage 
very good reproducibility of the shape of the spectrum is achieved; (3) during storage, 
especially prolonged storage, the amplitude of the spontaneous changes in the state 
of the preparation diminishes, the distribution curves approximate to normal distrib- 
utions and the scatter approximates to the error of the method. 
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Fic. 2. Evolution of statistical spectra during storage of various actomyosin preparations. Abscissa, 
degree of deviation of results from arithmetic mean: ordinate, number of samples with given value of 
deviation from the arithmetic mean. 


We shall consider these factors in greater detail. In fact, the statistical spectra taken 
on the day of obtaining the preparation varied. In preparation No. 33 there are 2 most 
probable states and 3 improbable ones. The statistical spectrum of the states of pre- 
paration No. 50 on the day of obtaining the preparations was characterized by 2 ap- 
proximately equi-probable states. The statistical spectrum of preparation No. 66 on the 
day it was obtained is composed of 6 states with 3 states characterized by a relatively 
high significance. The spectrum-range of four states is characteristic of preparation 81 
and the probability of the protein staying in one of them is substantially higher than 
for the others. A range of o states constitutes the spectrum of preparation No. 89 and 
here, as for preparation No. 81, one state is more probable than the others. 

Figure 2 also brings out clearly the occasionally surprising similarity between the 
statistical spectra of the same preparation obtained in different experiments. Thus, the 
spectrum of preparation No. 33, 3 days after being obtained (14 January 1958) consti- 
tutes the same range of states as in the preceding experiments (11 January 1958) with 
roughly the same distribution of the statistical importance of the states. The spectrum 
of preparation No. 50 3 days after the first experiment also consisted of 2 roughly 
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NEW FINDINGS ON THE RCLE OF PROTEIN SULPHYDRIL 
GROUPS IN GUSTATORY SENSITIV!ITY* 


Faculty of Fundamental Biology, Lomonosov State University, Moscow 


(Received 26 March 1960) 
IN a previous paper [1] we showed the possibility of the sulphydril groups of proteins 
participating in the processes of taste perception. Our findings and conclusions confir- 
med the hypothesis of Lazarev {2, 3], advanced as early as 1920, to the effect that the 
taste receptors contains highly-sensitive proteins and also the assumption of Koshto- 
yants on a possible role of the reactive groups of proteins in the sensitivity of this and 
other receptors [4, 5]. Moreover, the results of our investigations wholly coincide with 
the findings of other workers who have pointed to the biochemical and physicochemical 
basis of taste sensitivity [6-15]. 
This work is a continuation of our investigations into the participation of 

groups of proteins in the functioning of the taste receptors. It is aimed at elucidating 
the dependence of taste perception on change in the structure of the protein molecule 
induced by guanidine—a substance causing mild denaturation of protein so that the 
previously masked “reserve” sulphydril groups of the molecule are freed. Alekseeva 
[16] (in the laboratory of Koshtoyants) in investigations on a frog nerve-muscle prep- 
aration confirmed the involvement of SH groups in the action of guanidine. 


METHODS 

The experiments were conducted on the taste receptors of the frog tongue. The 
animal was rendered motionless by destroying the central nervous system, the tongue 
was brought out of the oral cavity and fixed on a cork plate. The normal blood supply 
of the tongue was replaced by perrusion with Ringer’s solution from a burette connected 
by a thin rubber tube to a cannula inserted into the carotid. A constant pressure of the 
fluid at 40-60 cm of water was maintained in the burette. To investigate the effect 
wf the particular substances on the metabolism of the taste receptors suitable sub- 
stances were injected by a syringe directly into the perfusion flow in the region of the 


cannula and in an amount of !-5—2 ml. The ‘luid flowed away from the lingual blood 


system through the sectioned superior vena cava. The taste stimuli were applied in 


differing amounts (2-3 ml) by means of a pipette to the dorsal surface of the tongue 
at a regular interval -S min. Standard agents were used as stimuli for the taste 
receptors; sodium chloride as a substance with salty , glucose as a sweet substance 
quinine as a bitter and also distilled and tap water. According to Andersson and Zot- 
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terman [17-19] the latter agents are active stimulants of the frog taste receptors. The 
tongue was washed free of the stimuli used and also kept moist by Ringer’s solution 
which is almost indifferent to the receptors being tested. It causes a very mild and 
fleeting excitation. In the absence of the stimulatory substances, the tongue receptors 
only exhibited very weak spontaneous activity (hereafter termed “background activ- 
ity”) and on irrigating the tongue with Ringer’s solution no change occurred in the 
level of the spontaneous activity. Thus, Ringer’s solution could serve as control. 

Taste sensitivity was recorded by an oscillographic method by leading off the 
action currents from the lingual branch of the glosso-pharyngeal nerve, serving in the 
frog as the gustatory nerve. 

The concentrations of the taste stimuli used were as follows: quinine 0-012 per cent, 
glucose 5 per cent, sodium chloride 3 per cent: the concentrations of the substances 
used to modify the structure of the protein molecule: guanidine nitrate 1-2 x 10°% 
g/ml, cadmium chloride 5 x 10-4 — 1 x 10-3 g/ml and “unithiol” (HS—CH,— (SH) 
- CH,SO,Na~ H,O) 1-3 per cent. 


EXPERIMENTAL RESULTS AND DISCUSSION 
Before the start of the experiment, the animal was injected with 0-1-0-:3 ml 1% 
tubocurarine to prevent guanidine-induced muscular fibrillation with consequent 
distortion of the normal picture of bioelectrical activity of the gustatory nerve. This 
was followed by recording of the background bioelectrical activity of the nerve, i.e. 


the spontansous activity of the receptors observed in the absence of taste stimuli 
(Fig. 1, IA). A recording was then made of the normal impulse response of the recep- 
tors to water and taste stimuli in the first seconds (3—S sec) after irrigation of the tongue 


with these substances in order to trace the intensity of the response of the receptors 


G H K 


Fic. 1. I, normal impulsation of lingual nerve in absence of stimuli and on stimulation of tongue with 
water and gustatory substances. II, same 15 min after introduction into perfusate of 1-8 ml 10-* g/m 
guanidine nitrate. A, background impulsation of lingual nerve; B, impulsation of lingual nerve 5 sec 
after application to tongue of distilled water; C, same after 30 sec; D, impulsation of lingual nerve 
5 sec after application of tap water to tongue; E, same after 30 sec; F, impulsation of lingual nerve 5 
sec after application of 0-012°% quinine to tongue; G, same after 30 sec; H, impulsation of lingual nerve 
5 sec after application of 5°, glucose to tongue; I, same after 30 sec; K, impulsation of lingual nerve 
5 sec after application of 3° sodium chloride to tongue; L, same after 30 sec. 
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since the greatest impulsation was observed precisely in the first few seconds of the 
action of the stimulus (Fig. 1, IB, D, F, H and K). We were also interested in the du- 
ration of the impulse response and the change in its intensity with time and for this 
purpose recorded the response of the receptors 30 sec after application of the partic- 
ular stimuli to the tongue (Fig. 1, IC, E, G, land L). At this stage a solution of guanidine 
nitrate was introduced into the lingual blood circulation and after 5-15 min a fresh 
recording made of the background activity and the bioelectrical responses to irrigation 
of the tongue with water and the gustatory substances (Fig. 1, II, A-L). 


In all the experiments guanidine produced marked sensitization of the receptors 
to the taste and aqueous stimuli used here and also considerably raised the level of 
background activity. 

As Fig. 1, I[A—L shows, the intensity of the bioelectrical responses under the in- 
fluence of guanidine more than doubled. The increase in the responses occurred both 
in amplitude and frequency of pulses per volley. The rise in the frequency characteris- 
tic of the responses was particularly appreciable wherever the initial level of the responses 
showed a low frequency of impulsation as, for example, for glucose (Fig. 1, IH and ITH). 
Further, an increase in the duration of the responses was observed. Considerable bio- 
electrical activity could still be recorded 30 sec after application of the gustatory stimuli. 

The high sensitizing action of guanidine in relation to the taste receptors may be 
explained, in our view, by the influence of this substance on the protein complexes 
of the receptor formations with liberation of the “masked” SH groups. The appearance 
of a certain number of free SH groups apparently raises the reactivity of the protein 
and in our cases led to increased gustatory sensitivity. It may be assumed that the in- 
creased reactivity of the protein structures of the taste receptor raises its sensitivity 
not only to external stimuli—water and gustatory substances—but also to endogenous 
stimuli of various kinds probably including the products of metabolism of the recep- 
tor cell itself. This is the most plausible explanation of the sharp rise in background 
bioelectrical activity of the lingual nerve under the influence of guanidine. 


In order to demonstrate that the sensitizing effect of guanidine is actually con- 
nected with the appearance of new previously masked SH groups, experiments were 
run in which the extra number of SH groups released by guanidine were blocked by 
cadmium chloride. For this purpose we sought to produce a shallow blockage in order 
to avoid complete loss of sensitivity by the receptors which would indicate not only 
binding of the SH groups released by guanidine but also of the free SH groups normally 
present in the protein structure. 

The sequence of the experiments was as follows. Against the background of guani- 
dine-intensified responses of the receptors to water and taste stimuli, a solution of 
cadmium chloride was introduced into the perfusate. This agent either completely 
removed the stimulatory effect of guanidine and restored the responses of the receptors 
to the normal level, or lowered the degree of sensitization. Cadmium chloride also 
weakened the background impulsation. Fig. 2 shows that guanidine induced consid- 


erable increase in the responses of the receptors to taste and water stimuli (IIB—F) 
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with the normai ieve! (IB—F) and aiso increased the background activity 
The third section of the oscillogram records the loss of guanidine sen- 

a result of cadmium chioride, expressed in a fall in the intensity of the 
receptors anc approximation of the responses to the initial normal 
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D, 0-012% quinine; E, 5% glucose; F, 3% sodium chloride. 
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ELEMENTARY THEORY OF SEMIPERMEABLE MEMBRANES 
AND THE “PHASE” THEORY OF BIOPOTENTIALS* 


Ye. A. LIBERMAN 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 25 May 1960) 


THE theory of nervous excitation that explains the generation of a nervous electric 
impulse and commands the widest support is the ionic membrane theory developed 
by Hodgkin, Huxley and Katz [1-6]. This theory starts from the premise that a membrane 
is located at the surface of a nerve fibre with variable permeability to Na, K and Cl ions. 
The inner part of the fibre is looked upon as an aqueous solution in which the coef- 
ficients of activities and the energy of the Na, K and Cl ions (in the absence of an 
electrical field) are equal to the corresponding values for the salt solution surrounding 
the fibre. 

Experiments with the radioactive isotopes of Na and K have confirmed this con- 
ception [7, 8]. The bulk of the K ions is in the fibre in the free state and moves only 
as a result of thermal motion and under the action of the electrical field in virtually 
the same way as in aqueous solution. 

Hodgkin and Katz [1] applied the “constant field” theory of Goldman [9] to the 
membrane of the nerve fibre. Describing the selective permeability of the resting mem- 
brane to ions, they assumed that at both boundaries of the membrane a jump in ion 
concentration occurs and the Na ion concentration is most heavily reduced, followed 
by a smaller reduction of the Cl ions and the still smaller reduction of K ion concentra- 
tion. The mobility of all ions within the membrane has been taken, without sufficient 
grounds, to be the same as in the ambient solution. 

The origin of the jumps in ionic concentrations has not been considered and there- 
fore it is still not clear whether one can apply the expression for the potential difference 
at the inner boundaries of the membrane (Goldman’s formula) to the outer membrane 
boundaries. 

In the present work, we sought to obtain an expression for the potential difference 
between two aqueous solutions separated by a membrane with selective permeability 
and to elucidate the physical implications of selective permeability. 


1. Membrane without selective permeability 


We shall consider membrane M of thickness a separating two aqueous (or other) 
solutions of ions P, and P, (see Fig. 1). Let the properties of this system change only 
in direction x. We designate the concentration of the ith ion at point x in the membrane 


* Biofizika 6: No. 2, 177-186, 1961. 


(194) 
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n, and the mobility u,. We shall further consider the ions as point electric charges 
and consequently suppose that the potential of the electric field at an arbitrary point 
(both within and outside the membrane) for all ions is identical. Then the diffusion 
equation in the electrical field for the ith ion has the form: 

Wy 

0,67 


04 














fa V==70mv 


a x 
Fic. 1. 





dn, du; ok Se 
a= RTzu; 7 2 RTz,n, cig F'n, ’ (1) 
dx dx dx 


where j, is the density of current of the ith ion, 7, the absolute temperature, z,, the 
charge on the ith ion, R, the gas constant, F, the faraday number and J, the electric 
potential. In equation (1) the mobility u, comes under the differential sign, i.e. constant 
u, is not assumed. Assuming u, to be constant for all values of x, we get the commonly 
used equation: 
= — RTz,u, a Fz?un, ll 
dx dx 


In order to allow approximately for the réle of the inconstancy of u, for small 
, du : : 
du,/dx we may omit half the term 2 R7z,n, — and write equation (2) in the form 
dx 
do; 
RTz, — — Fz, (3) 
dx x 
where 9, = n,u,. 

It is clear that equation (3) for constant u, does not differ from equation (2) and 
can readily be integrated not only for a constant field but also for any value of the 
potential V(x) identical for all ions. 

The integral of equation (3) has the form: 


x 
’ 


i; \ BVE)z, 
- e 
RTz, 


dE-+-0, (0) |, (4) 


(rc -\ — -BV(x)z 
0; (Xx) =~¢e » V(x) | _ 


e 
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where ¢,(0) is the product of the concentration n, and the ionic mobility u, in solution 
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on one side of the membrane and 8 = F/RT. Substituting the second boundary 


condition (x) = o,(a) gives: 


; (a) i , & + ¢ (0)| 
RTz, |} 


0 
(5) relates the potential difference at the membrane AV to the current 
to the product of concentration and mobility for this ion in the ex- 
For the case of a constant field dV/dx = C given }'j, = 0, we get from 

Goldman formula for the monovalent ions K, Na and Cl: 

Dx (A) + Oya (A) + Pe; (9) 

Al ~ In (0) +4. (0) 4 (al (6) 
includes the products of the mobility of the ion and its concentration in the ambient 
ition. The value AV is independent of the concentration and mobility of the ions 
the membrane. Thus, the assumption that the work of transfering unit charge 
ion is uniform and that dV/dx in the membrane is constant excludes the possi- 
obtaining an appreciable potential difference at the membrane of the nerve 
the sum (a) on one side of the membrane is about equal to the sum 9,(0) 
We would note that the same result is also obtained if dV/dx is not as- 
onstant and it is merely considered that the ions are not acted upon by forces 


ones or that the ions themselves are point charges. 


2. Membrane with selective permeability 


[he equations describing membranes with selective ionic permeability can be 
derived only it if is assumed that within the membrane the “potential” (work to transfer 
a single charge of the ith ion—V,) has different values for different ions. 

The physical significance of such an assumption is easy to understand. The ions 
in aqueous solution are not point charges but hydrated charged “spheres” of variable 
size. The greatest water layer is possessed by Nat, K* and Cl- have roughly equal 
water layers. In order to pass into the membrane which possesses low dielectric per- 
meability (¢ ~ 4 — 10), as experiments to measure the membrane capacitance have 
shown [10], the ions must lose, be it in part, the attached water. The radii od the hydra- 

id K ions must diminish, i.e. the positive charges on the surface of each ion 
be drawn together and in this work must be expended. The Na ion is “compres- 
ed” more strongly than the K ion and consequently the Na potential in the membrane 
(in relation to the ambient solution) will be higher than the K_ potential. 
Equation (3) can for membranes with selective permeability be written in the form: 
Fite [V4 (7 
| dx dx 


where dW,/dx, a derivative of the “non-electric potential” ofthe ith ion with respect 
to x. We shall designate as V(x) = V + W, the total work in transfer of unit charge 
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of a given ion to point x. Since in the solutions on both sides of the membrane the 
energy of each of the ions in the absence of an electrical field is taken as identical, the 
potential difference at the membrane (between the external solutions) has a definite 
value for all ions and will be denoted by AV. 

Solving equation (7) gives an expression for the current of the ith ion similar to 
expression (5) but with different V, (£) for the different ions: 


[o, (0) o, (a) e®AVz,] RTz, 
a 62,AV) 7¢ (8) 


yr 
0 


We further assume that the electrical field within the membrane has a constant 
value AV/a. The potential barriers in this case have the forms shown in Fig. 1. The 
height of the barriers is chosen in line with the data of the experiments recorded in [11]. 

Substituting in equation (8) the values for V,(£) from Fig. 1, we get: 


[o (0) — 9, (a) e*:'4 "| RT 


ll os 
e” W, (e°*; Al | ) 


 AV2 


(9) 


The value of the flux of Na ions through the membrane has been determined ex- 
perimentally for the giant axon of the squid. In the resting state it is equal to 61 pumol/cm? 
snc and consequently the value j,, is known. Known also are the values o,,(0) = 22 x 
x 10 * and gy,(a) = 23 « 10°%. The potential difference AV is equal to 70 mV and 
the thickness of the membrane a = 10°® cm. From these data with use of equation 
(9) we can determine the potential barrier for the Na ions. Substituting the values 
ina> Ona(9) and oy, (a) in equation (9) gives Wy, = 0°55 V 

For the steady state }’j, = 0 from equation (9) we derive the formula of the same 
type as Hodgkin and Katz but with an explicit expression for the permeability coef- 
ficients : 


BWya Oy, (a) + e oxo, (a) + e~ Wein, (0) (10) 


Al In‘ 
8 e ?Wyaoy, (0) + e °K Oo, (0) + 07? ci gq (a) 

Thus, the permeability coefficients of the membrane for different ions are related 
to the potential barriers for these ions at the boundaries of the membrane. AV is ex- 
pressed by formula (10) only for a “rectangular” barrier (Fig. 1). For barriers of other 
shapes, more complex expressions are derived. 

From the ratio of the permeability coefficients determined for the giant axon of the 
squid we can compute the value of the barriers for K—W,, = 0-47 V and for Cl— 
— W,,, = 0-49 V. The values of these barriers roughly agree with the calculated changes 
in the work of hydration on passage of the coresponding ions from a medium of high 
dielectric permeability (water—e, equals 80) to an uncharged medium with e, equal 
to 8. 

It is clear from the above that any membrane with selective permeability is another 
phase in relation to the ambient solutions. At the boundary with this phase the poten- 
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tial barrier for different ions varies. Such a membrane with selective permeability to 
K can easily be constructed and the “resting potentials” can be obtained for example 
by use of guaiac gum, CH;CN, etc. as membrane. 

Equation (10) is derived on the assumption that the electrical field within the mem- 
brane is constant. From this assumption for a given concentration and mobility of 
ions on both sides of the membrane there follows a quite definite (inconstant along 
x) distribution of immobile ions within the membrane. A change in external con- 
centrations cannot lead to change in the disposition of these ions and therefore equation 
(10) may be true in principle only for one definite value of concentration of the ions 
in the external solutions. In other words, equation (10) cannot be applied to the case 
in which the ionic concentrations in the solution change. It is also difficult to imagine 
retention of a constant field in the membrane with change in the potential barrier 
for Na on excitation. 

It is interesting to consider the membrane as an homogenous phase with constant 
concentration of immobile charges. The field within such a membrane will not remain 
constant on replacement of the external solutions but the steady potential difference 
can be computed. 

In the first approximation AV for this case will also equal 


?x (a) 


8 In 
x (9) 


Excitation of the nerge fibre according to the theory of Hodgkin produces an 
increase in the permeability of the membrane to Na and then K ions. Such a change 


may occur only on change in the values Vy, and V,. The necessary reduction in Vy, 
and V, might have occurred as the result of introduction into the membrane of special 


negative ions for which the potential barrier is low [12]. 

We shall now consider the expression for the steady potentials obtained on the 
basis of the phase theory of nervous excitation developed by Nasonov and Aleksan- 
drov [13, 14]. 


3. Elementary phase theory of bioelectric resting potentials 


The phase theory in the development of which an essential role was played by the 
work of Nasonov and Aleksandrov [15, 16] and also Troshin [17] explains the diffe- 
rence in concentrations of Na within and outside the cell without resort to the sodium 
pump hypothesis; Na is simply less soluble in the protoplasm which is from the point 
of view of this theory the “non-aqueous phase”. In the terms of the preceding section, 
this means that the Na potential within the protoplasm is higher than in aqueous so- 
lution since for passage into the protoplasm Na must reduce its water sheath and the 
positive charges on the surface of the ion must draw together. Such an explanation is 
very attractive. Experiments with labelled atoms show that within the framework 
of the membrane theory it is necessary to assume the presence of not only a sodium 
but also potassium, calcium, magnesium, barium and other pumps. The phase theory 
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at the same time explains the distribution of concentrations not only of Na but also 
all these other ions. 

To explain the higher concentration of K within the cells the advocates of the 
phase theory (see, for example, the book by Troshin [17]) argue that the greater part 
of the potassium is in a bound form in the protoplasm. However, this assumption 
does not agree quantitatively with experiments on the movement of “2K within the 
nerve fibre under the influence of diffusion and electrical forces [7] nor with experi- 
ments to measure the resistance of the protoplasm [8]. All these experiments showed 
that the greater part of K is in the free state and has about the same mobility as in 
salt solution. It should be noted that contrary to the widely held view, a free state 
of K in the protoplasm is not inconsistent with the phase theory. 




















FIG. 


In fact, if we consider the protoplasm as a phase in which the energy of the ion 
is greater, because of loss of part of the water sheath, than in the free water, then the 
concentration of all Na, K, Cl and Ca ions in it must be less than in the ambient solution. 
In accordance with the size of the ions, their concentration in the protoplasm is [Rb] > 
> [K] > [Cl] > [Na] > [Ca]. 

The potential barriers for these ions at the solution (P,)—protoplasm (Pr) boundary 
must have the form shown in Fig. 2 (a) and consequently the product of the concentra- 
tion of Na and its mobility in the protoplasm will be less than for K or Cl. However, 
for such barriers the concentrations of all ions in the protoplasm would be less than 
in the ambient solution. But it is also known that within the protoplasm there is a large 
number of protein anions which cannot pass into aqueous solution. The electrical 
field produced by the negative charges of these anions changes the barriers for all 
the ions. The potential barriers for the positive ions K and Na must diminish in the 
first approximation by the same value while increasing by the same value for the negative 
Cl ions. As a result the potential barriers would have the form shown in Fig. 2 (b). 
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This point of view is confirmed in a number of experiments with measurement of 
the dielectric permeability of the protoplasm; for example ¢ for red cells is 52 instead sf 
80 for water [18]. 

Assuming that in the resting state there is equilibrium of all ions and using the known 
values for the products of the mobilities of the ions and their concentrations in the 
squid nerve fibre and the ambient solution, it is easy to compute the total potential 
barriers for the ions at the protoplasm-ambient solution boundary: 


V, = 0057 V:; Vz = 0-093 V; Vx, = 0-05 V; Vig =0:2 V 

The distribution of concentrations and mobilities known from experience would 
be observed for such potential barriers. The concentration of unbound K within the 
non-aqueous phase—protoplasm—would be high. 

One cannot speak of a potential difference at the boundary of two phases in the 
usual sense since work in the transfer of a unit of electricity from one phase to the 
next depends on which ions transfer this charge. Only “potential differences” varying 
for different ions are meaningful. Therefore the problem cannot be posed within the 
confines of the phase theory of the pre- existence or absence of pre-existance of the 
resting potential. 

True, the immobility of the protein anions at the phase-solution boundary results 
in an electric field which changes the value of the potential barriers for all ions equally. 
This change in the value of all barriers can be called the inter-phase potential difference. 
[It is difficult to measure this potential difference and it is not determined at any rate 
by the usual methods of measuring the resitng potential. If we consider the aqueous 
solution—phase (protoplasm)—aqueous solution system, then the potential difference 
between the two aqueous solutions has a definite value. It is made up of the inter-phase 
potential differences at the boundaries and the voltage drop within the phase. This 
potential difference can be measured and guite accurately calculated by means of 
equation (8) which was derived for a membrane with selective permeability. In fact, 
the phase with different potential barriers for the different ions at the boundaries has 
the same properties and can be described by the same equations as the membrane with 
selective permeability. True, at the boundary with the aqueous solution in which the 
ions are not in equilibrium with the ions in the protoplasm, the potential barriers 
will not have the form depicted in Fig. 2 (b). The unequilibrated ions will leave and 
enter the protoplasm and distort the equilibrium form of the barrier. However, since 
it is usually a matter of a very thick area of protoplasm, a is large and 


a - 
sam? (5) dE 
0 


will differ little from the value of this integral for equilibrium conditions. In the case 
5) j, = 0 and dV/dx = C we obtain an expression for the potential difference between 
the two aqueous solutions separated by the phase—equation (10). 

For the protoplasm which, as experience shows, has comparatively high electrical 
conductivity, it is more natural to assume dV/dx = 0 for all a < x <0 and consider 
that all the jumps in V occur at the boundaries x = 0 and x =a. 
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We shall introduce a coefficient of distribution («) of the jumps at boundaries 
for x = O it is equal to AVx; for x = aequal to AV(1 — «). Assigning different values 
to «, one can obtain any inter-phase jumps in potential. 

We shall denote the complete work of transfer of the ith ion from the normal ams 


bient solution to the protoplasm by V;. In the resting state all j, = 0 and J; 


o, (0 , ‘ oe ce 
In where ¢/(0) is the concentration of the ith ion in the protoplasm. 
o.(0) 


For the case of measurement of the resting potential j, # 0, 5/7, = 0, the jumps 
at the boundaries may be written: 


0, (0 0, (0 
'V, ~In O) 4 aAV, n ©) —a) AV. (11) 


B  ¢,(0) ~ 6 9) 


Substituting expression (11) in equation (8) and considering that V, within the 
protoplasm is constant, we get: 


, (0) — 9, 0.) ——e z ) 
0, (0) Ce (12) 


e8z;4 Va 


O, (a) 82, AV| RT 7 


From the condition Sj. 0, we get for monovalent ions 


(13) 


where o;,, the product of concentration and mobility of the monovalent positive 
ions and o;_, the same for monovalent negative ions. 
From equation (13) we can derive the expression for AV for different distributions 
of jumps at the boundaries. 
A. Let the jumps at both boundaries of the protoplasm be the same and equal to 
AV |. 
(i. e. 0 
2 


1 (a) 
€q (0) 
Ox (a) ie One (0) : xa (4) 
%x (0) na (0) 


remembering that in normal conditions of measurement, the resting potential (r.p.) 


Ox (0) + oy. (0) + 9c (0) - 
(14) 
«t (0). 


Qo (a) * ¢ 
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from equation (14) we get: 


eat <x (9) 
+ ay 2x (4) x(a), (0) ” 
Ger (9) + ¢x (9)- — er 
$x (0) ¢x(9) = ¢x (9) 


i.e. in the first approximation we have the usual expression for the resting potential. 


AV = wn 2). _ ty, Be. (15) 
¢x (0) .) [K]o 


B. Supposing that the entire jump in potential is concentrated at the undamaged 
membrane (a natural assumption since the resistance is high there) i.e. « = 1, then as 
first approximation we have: 


eel _— +o 16 
x (a) ¢x (0) - 


' ’ , I K 
and since 9, (0)< ¢, (0), then AV > — — In K] ;, 
2 [K]o 


a 


It is interesting to note that as first approximation, the result is the same also for 
the case « = 0 and for the important case in practice of « = 2, i.e. when within the 
protoplasm there is a constant negative charge on the bound protein anions. 

C. For the case « = 2, e84” is expressed approximately by equation (16) and 
the difference from case « = 1 occurs only as a second approximation. 

An essential difference between the membrane theory and the variant of the phase 
theory propounded here applies only to the value for the permeability coefficient 
for Cl. In the membrane theory developed by Hodgkin, the membrane is supposed 
to be neutral, the potential barriers to have the form shown in Fig. | and the permeability 
coefficient for Cl to be about 0-5 that for K [9]. In the phase theory outlined, the bar- 
riers have the form depicted in Fig. 2 (b) and the permeability coefficient P,, = e-°" Cl 
for Cl- is 0-08 and for P, ~ 40. From this difference one can attempt a decision 
as to which theory is correct. On replacing Cl by other penetrating and non-penetrating 
anions, the steady value of the resting potential should change appreciably in the pre- 
sence of the neutral membrane out forward by Hodgkin and Keynes but should not 
change for a negatively charged membrane in the framework of the phase theory. 
Our experiment in which Cl- was replaced by Br-, I- and NO,~ and also by the non- 
penetrating anions SO; and PO; in the solution surrounding the nerve fibre, gave 
no noticeable change in the steady value of the resting potential and indicates the 
presence of a phase or negatively-charged membrane. The resting potential of the 
muscle membrane according to [19] changes on replacing the anions, but the precise 
value of these changes is not included in the work. 

The resting potential difference recorded by an intracellular electrode can also be 
described within the confines of the phase theory by the equations presented, accepting 
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the Nasonov hypothesis that the electrode destroys the phase of protoplasm and trans- 
forms it into an aqueous phase with high concentration of K*. 

To explain the high resistance of the surface layer in the phase theory one must 
assume the presence of a special structure at the surface and that in this structure 
either the barriers for Na+, K* and Cl- rise assuming the form depicted in Fig. 3 or the 
structure is inhomogenous and a non-conducting grid. 


V 


07 Ca 


Qs 

















Fic. 3. 


The origin of the action potential in the phase theory developed can be explained 
by the fact that on reduction in the potential difference at the surface layer special 
substances are released near to the surface and enter into chemical reaction. The chem- 
ical reaction changes the phase property of the protoplasm close to the excited site 
of the fibre surface. This reaction supplies energy for generation of the electric impulse 
In this we see the essential difference from the sodium-membrane theory in which the 
energy required for generation of the action current is supplied in the high concentration 
of Nat outside the fibre and the high Na* concentration is produced by a sodium 
pump operating continuously. 

The generation of the action potentials in solutions not containing sodium and 
potassium observed by Mueller [19-21] and also generation in tetraethy lammonium, 
BaCl, and SrCl, solutions observed by Fatt and Katz [22], Fatt and Ginsborg [23] 
and by us [24] is hard to fit into the sodium-membrane theory, but since any semi- 
permeable membrane, as shown above, is in a certain sense a phase, the choice between 
the two theories cannot be made on the basis of measurements of the resting and action 
potentials and their relation to the ionic concentration. A final solution of the problem 
is apparently possible only by direct investigation of the phase properties of the pro- 
toplasm, in particular by measurement of the dielectric permeability of the resting, 
damaged and “excited” protoplasm and determination of the energy of the ions in the 
protoplasm. 

SUMMARY 


(1) It has been shown that if the potential for all ions at each point within the mem- 
brane has an identical value, then the potential difference at the membrane does not 
depend on concentration and mobility of the ions within the membrane and is deter- 
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mined solely by the boundary conditions. The resting potential at the membrane should 
be close to zero. 

(2) The different permeability of the membrane to the different ions arises from the 
different values for the potential barrier for these ions at the boundaries of the membrane 
with the external solutions. The value of the potential barrier may be determined by 
the work required to bring together the positive charges on the ions with loss of part 
of their water layer after passage of the ion into the membrane with lower dielectric 
permeability than the ambient solutions. 

The potential barriers at the boundaries of the membrane for Na, K and Cl 
en determined from the formulae derived on the basis of published findings. 
1as been shown that within the phase theory the resting potential can be 
the same formulae as for the membrane theory. 
(5) The formula for the resting potential difference derived from the assumed 
electric field (within the membrane or phase) cannot remain valid 
> concentration of ions in the ambient solutions. 
ae have been derived within the phase theory for the resting potential. 
Choice between the membrane and phase theory cannot be made from the known 
the resting and action potentials and their relation to the ionic concentration. 
arguments in support of the phase theory may possibly be provided by 


dielectric permeability of the protoplasm. 
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INTRACELLULAR RECORDING OF THE RESTING 
POTENTIAL AND POLARIZATION OF THE MUSCLE FIBRE 
BY THE POTENTIOMETRIC METHOD* 
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INTRACELLULAR recording of electric potentials of muscle and nerve cells yields detailed 
information on the physico-chemical properties of the cell and its membrane and enable 
one to record with the utmost accuracy the functional changes brought about in cell 
structures by a whole number of factors. 

In order to insert the recording electrode into the cell without seriously damaging 
it the diameter of the tip must not exceed 1 yu. In the vast majority of cases glass micro- 
pipettes filled with electrolyte are used as intracellular microelectrodes. In view of the 
extremely small diameter of the tip of the micropipettes, despite the fact that they are 
filled with a concentrated solution of electrolyte, the resistance of the electrode runs 
into millions or tens of millions of ohms. Therefore, the potentials recorded by intra- 
cellular microelectrodes are connected at first to a cathode follower and then to a d.c 
amplifier [1, 2]. The recording instruments have to be carefully insulated. The appli- 
cation of such a method of recording presents certain technical difficulties. Moreover, 
in view of the connexion of the microelectrode to the grid of the cathode follower the 
grid current of the input stage may cause polarization changes in the cell under test [2]. 

However, if it is not necessary to record rapid bioelectric variations, then the method 
of intracellular recording of the membrane potential may be appreciably simplified. 
Kurella [3] has described a technique of recording the potential of muscle fibres by 
means of a single-valve electrometer to the output of which is attached a mirror gal- 
vanometer. However, in this case also the action of the grid current on the cell is not 


completely removed and the amplifier valve requires a strict electrometric operational 


schedule and the circuit has to be carefully insulated. 


* Biofizika 6: No. 2, 187—190, 1961 
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We used a potentiometer for intracellular recording of the polarization of the muscle 
fibre membrane by a compensation method. 

The experiments were performed on the isolated frog sartorius muscle (Rana 
temporaria) in a chamber with Ringer’s solution. The microelectrodes used in our 
experiment were of pyrex with a tip diameter of about 1 yu. The micropipettes were 
prepared and filled with 3 M KCI by the standard method [2, 4]. The resistance of 
the electrode was 2-10 MQ. The microelectrode was connected to a non-polarisable 
electrode (chlorinated silver wire in agar-agar, KCl) and a similar non-polarisable 
electrode was in contact with the solution and served as the indifferent electrode. 
The microelectrode was fixed on a MM-1 micromanipulator by means of which the 
electrode was lowered vertically into the cell. The recording instrument was an iono- 
scope intended for determination of the active reaction of the medium. The null in- 
strument was a mirror galvanometer with a current sensitivity of 2 x 10°°A. The 
circuit of the compensating device is shown in the figure. Before each determination 
the null setting of the instrument was checked. By means of the variable resistance 


R, the working position was fixed at which the current in the galvanometet circuit 
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Diagrammatic representation of compensation arrangement and microelectrodes. 











A, indifferent electrode; B, intracellular microelectrode; M, muscle. 


equalled zero. The sensitivity of the galvanometer was regulated by means of variable 
resistance R,. The potential difference being measured was supplied to the input of 
the instrument and deflected the beam of the galvanometer; compensation was effected 
by means of potentiometer Rs. The value of the measured voltage was read off from 
a millivolt scale. 

At the moment of puncture of the cell surface by the microelectrode a potential 
difference of about 60-90 mV appeared abruptly between the indifferent and intra- 
cellular electrodes. The microelectrode at that moment became negative in relation 
to the indifferent electrode. Further advance of the electrode into the cell did not result 
in any change in the potential difference recorded at the puncture. Thus, the findings 
on the value of the intracellular resting potential obtained by the compensation method 
fully correspond to published findings obtained by the generally accepted technique. 

In order to evaluate the accuracy of the method described we compared in our 
experimental conditions the results obtained on recording the intracellular potential 
potentiometrically and by means of the usual method where the potential difference 
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recorded was supplied through a cathode follower to the input of a d.c. amplifier 
and then to the vertical deflecting plates of the cathode ray tube of a cathode ray oscil- 
lograph. The method has been described in detail by Kostiuk [2, 5]. It was found 
that both methods of determining the cell resting potential gave identical results (on 
average 75-80 mV). 

After inserting the electrode into the fibres several determinations of the resting 
potential of this fibre were made by both methods, without withdrawal of electrode 
from the cell, with alternate connexion to the grid of the cathode follower and to the 
potentiometer and the results of the determinations did not differ by more than a few 
millivolts. 

The sensitivity of the galvanometer in our arrangement was such as to give an 
absolute value of the resting potential with an accuracy of up to | mV. If the galvano- 
meter is replaced by a more sensitive one (of the order of 10-'° or 10-1! A) the accuracy 
of the method can be even further raised. 

Introduction into the microelectrode circuit of a high resistances in series showed 
that the sensitivity of the circuit depends but little on the resistance of the electrode, 
within the limits of 1-6 MQ. Thus, microelectrodes with a resistance of less than 6MQ 
can be used for intracellular determination of the resting potential by the compensation 
method. 

It should be noted that at present many investigators recommend the use for 
intracellular recording of precisely these electrodes even with the normal method of 
recording [6,7] since electrodes with very high ohmic resistance have a considerable 
diffusion potential. 

The compensation method is also convenient in that it makes it possible on each 
occasion to determine and take into account the value of the diffusion potential arising, 
owing to the great difference in ionic concentrations, between the microelectrode and 
the solution surrounding the muscle or the cell contents. 

The size of the diffusion potential E is determined [8] by equation 

Senn Si. 
u u Cy 
where R is the gas constant, 7, the absolute temperature, u*, the mobility of the cation, 
u~, the mobility of the anion, c,, c,, ionic concentrations. 

It is clear from the equation that the diffusion potential is greater, the greater the 
difference in concentrations and mobilities of the cation and anion of the given electro- 
lyte. For u+ = u-, E must equal 0. But despite the fact that the mobility of the K* and 
Cl- ions is accepted as uniform, in practice, between the Ringer’s solution (or intra- 
cellular contents) and the microelectrode a diffusion potential appears the nature 
of which is still hard to establish. 


It cannot be ruled out that the potential at the tip of the electrode is formed as 


a result of movement of the particles on passage of the ions from the electrode to the 


ambient solution. As is known, diffusion of electrolyte from the microelectrode into 
the ambient medium occurs even in the act of insertion into the cell [9]. 
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Adrian [7] in a special investigation remarked that the presence of the diffusion 


~ . ° ’ 
potential may serve as a source of serious errors in determining the value of the membrane 


potential. He showed, in particular, that the diffusion potential of microelectrodes 


depends on their resistance and therefore, changes when the tip of the electrode is 
broken or when fragments of the cell protoplasm get into the electrode. Similar results 
ed in our experiments. Since the value of the diffusion potential is quite 


y commensurate with the resting potential, its constant control during the 


nt is of great importance. According to our observations, made both by means 
of the compensation method and with oscillographic recording using a cathode follower 
and d.c. amplifier, the value of the diffusion potential is from 4—6 mV to 25 mV (usually 
not more than 10-15 mV). Since before each measurement of the resting potential the 
nstrument was set at the null position, the value of the diffusion potential was recorded 
ation 

[he resistance of the electrode was controlled by introducing into the microelectrode 

circuit a standard resistance of 5 M{Q2 and by measuring the voltage drop on the standard 


resistance. The value of the resistance of the electrode was computed from the formula: 


istance of the electrode; V, the known potential difference supplied 


ro and indifferent electrodes, V,, the drop in voltage across the standard 
the standard resistance. 
microscopic examination, change in resistance of the electrode 
served as an indication of any disturbance in its intactness. 
It should be noted that after penetration of the microelectrode within the fibre 


Hodgkin 


electrolyte may diffuse into the cell. According to the calculations of Nastuk and 
[9] with a tip diameter of the electrode of several tenths of a micron the rate 


10-'4 M/sec. Even with a slight break in the electrode when it 


i 


the rate of diffusion may substantially increase. 


tne cell, 


les and Fatt [10, 11] passage of electrolytes from the electrode 


oombs, Eccl 


-hange the resting potential. To a certain degree the process of diffusion 


may Cné 


from the microelectrode may be controlled by supplying small po- 


of the electrol) te 
the tip of the microelectrode. Supply of such potential may also be effected 
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tentials t 
in the compensation method. In this case a scheme of compensation identical to that 
used for intracellular recording of the resting potential is used for the supply of low 
voltages to the microelectrodes. 

In addition, the compensation circuit used enabled us to carry out intracellular 
polarization of the muscle fibre. The value of the change in the cell polarization may 
by voltage and current. Using the two-channel intracellular electrodes, 


the preparation of which has been described by us earlier [12], polarization and re- 


the resting potential of the cell may be carried out simultaneously. 


be measured bot! 


cording of 
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SUMMARY 


(1) The compensation method of intracellular recording of the resting potential 
makes it possible with sufficient accuracy to record its value by means of a potentio 
meter. 


(2) The findings obtained by the compensation method and on recording of the 


intracellular potential by the generally accepted method are uniform. 


(3) The scheme discussed allows constant control of the diffusion potential of 


tilt 


electrode and achievement of intracellular polarization of the muscle fibre. 
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INVESTIGATION OF THE MECHANISM OF 
DISCRIMINATION OF VIBRATION FREQUENCY BY MEANS 
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'y of the Mechanism of Perception of Sounds by the Auditory System. In recent 
years scientists have passed from a consideration of the processes of the primary me- 
chanical analysis of sound in the cochlea to the problems of further treatment by the 
nervous system of the information on signals arriving from the cochlea. This is information 
on the spatial and temporal characteristics of the signals. Delimiting these two charac- 


teristics, necessary for a study of their réle, is methodologically a difficult problem. 
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A possibility of such delimitation is to be found in the analogies of the auditory system 
proposed by Bekesy [1] in the form of different models, the vibrations of which are 
received by the skin of the human arm. In this work Bekesy demonstrates the legiti- 
macy of such a method of investigation. Using this method we, in the present work 


sought in a psychophysical experiment to investigate the ability of man to distinguish 


the frequency of vibrations by means of models. 

To carry out this task we constructed models of two types. One of them, a dimensional 
model of the cochlea makes it possible to produce on the skin the spatial distribution 
of vibrational amplitude which to varying degrees correspond to the “patterns” ap- 
pearing in the cochlea. On change in frequency the patterns change. By means of the 
other model, a simple vibrator, vibrations were produced the patterns of which did not 
change with frequency. 

In comparing the ability of man to distinguish frequency when the vibrations are 
transmitted to the skin by means of the dimensional model and a simple vibrator, 
it was necessary to establish the importance of the spatial distribution of the amplitudes 
of vibrations for discrimination of frequency. 

The simple vibrator was a rigid plate connected to a GMK-1 generator of mechanical 
vibrations. The area of contact between plate and skin could be varied by attaching 
various endpieces. 

The dimensional model of the cochlea was designed by us in accordance with the 
parameters given by Bekesy. Fig. 1 is a drawing of the cross section of the cochlea 
model. It imitates the vestibular canal of the cochlea which is represented in the form 
of a brass tube 300 mm long with an internal diameter of 60 mm closed at both ends. 
A cut is made at the top of the tube for the membrane. At one end of the tube an elbow 
pipe, used to fill the canal with water, is soldered. At the other end there are metallic 
bellows (“‘selphones”’) performing in the model a function similar to the role of the sta- 
pes and the membrane of the oval window in the ear. 

In our model in order to obtain a uniform volumetric displacement along the 
entire length of the membrane its width was constant over the entire course. The varia- 
ble parameter of the membrane was its thickness. The membranes were cast from a liquid 
solution of rubber, vultex or revultex. The length of the membrane was 280 mm, width 
20 mm. The thickness decreased uniformly from 3 mm at the “stapes” to 1 mm at the 
helicotrema. In the model we called the end of the membrane next to the vibrator the 
stapes and the opposite end the helicotrema. To achieve contact between membrane 
and the skin of the arm a “comb” of ultramicro porous rubber 2-2-5 mm thick and 
12-18 mm high was sealed along the centre of the membrane (Fig. 1). 

The model was connected to the vibratory by means of a threaded rod sealed to the 
bellows and by a tie nut. The GMK-1 generator was used as the vibrator. In the finished 
model its dynamic parameters were determined, the main one being the relation between 
the frequency supplied and the distribution of amplitudes of the displacement along 
the membrane. These amplitudes may be very low—of the order of several microns and 
the apparatus to measure them must be quite sensitive. Bekesy used a high frequency 
capacitor microphone in his measurements. We adopted the following two methods of 
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recording the dynamic characteristics of the membrane. In the first, along each edge 
of the membrane small thin mirrows were attached at a distance of 0-5-1 cm from each 
other these made practically no difference to the movement of the membrane. During’ 
vibration the membrane became convex and the mirror turned through an angle pro- 
portional to the amplitude of the vibration at the given point of the membrane. A nar- 
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Fic. 1. Model of cochlea in cross section. 1, Copper tube forming walls of vesti- 
bular canal; 2, removable frame to which membrane is fixed; 3, membrane; 4, comb 
of membrane; 5, clamping frame; 6, paraffin packing; 7, skin of arm, 8, water. 


row beam of light was directed at each of the mirrors in turn the focussed reflexion of 
which was projected from the mirror onto a screen. During vibrations the small light 
spot on the screen was transformed into a band from the length of which it was possible 
to estimate the amplitude of displacement of the membrane at the point of attachment 
of the mirrors. 

With the second method the displacement of the membrane was followed visually 
by means of a binocular microscople. The microscope was fixed on a universal holder, 
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Fic. 2, Relation between frequency of vibration and site of greatest displacement of membrane of coch- 
lea model at given frequency. 1, membrane not loaded; 2, membrane in contact with arm. Ordinates, 
frequency of vibrations, c/s; abscissa, distance from stapes, mm. 


set horizontally, and by means of the threaded transmission was able to move parallel 
to the cone of the membrane. A beam of light was directed on the comb of the mem- 
brane; through the microscope it was possible to see the grains in the structure 
of the material of the comb showing up in the form of brilliant dots. Where necessary, 
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For this purpose the subject’s arm was fixed on the comb of the model membrane 
is (see Fig. 1) and one frequency after another was consecutively delivered. The subject 
after each frequency had to note on a paper strip placed next to the membrane the site 
at which he felt the vibration of highest intensity. The results of these experiments are 
shown in Fig. 3. As the figure shows, the site of maximum sensation of vibration, as 
a rule, did not coincide with the site at which, according to the physical measurement, 
the maximum shift of the membrane was obserwed for the given frequency. The sharp- 
est divergencies between the site of sensation of the greatest vibration and the actual 
maximum amplitude of movement of the membrane were noted on perception of vibra- 
tions with a frequency of 60-100 c/s. On perception of vibrations of 50 and 110-140 
c/s this divergence was not so high. 


These measurements showed that although genuine physical location of the max- 
imum amplitude of vibration of the membrane is distorted in human perception, man 
can localize and discriminate in a quite definite and constant way regions of the maxi- 
mum amplitude for different frequencies. Thus, it becomes possible to compare the 
spatial patterns of vibration at different frequencies. This provided for us the necessary 
difference between the conditions of perception of vibration with the dimensional 
model and the simple vibrator and allowed us to pass on to an investigation of the dif: 
ferential frequency thresholds with both types of models. 


For the experiments with human discrimination of the frequency of vibration sup- 
plied to the skin of the arm we adopted one of the simplest methods used in the study 
of differential thresholds in hearing. The essence of the method is that one of the fre- 


quencies is taken as a reference and kept constant in all the experiments. The frequen- 
cies to be compared are either higher or lower than it. For the reference frequency and 
one of the frequencies being compared, groups of 10 random pairs are compiled so 
that in 5 cases the reference frequency was transmitted first and in 5 cases second. The 
subject had to state whether the second was more higher or lower than the first. At 
the end of the experiments the percentage of correct replies was computed. 


In our experiments we adopted a standard frequency of 80 c/s since it occupies a 
mid position in the frequency range (40-150 c/s) of the dimensional model used by us. 

We delivered various frequency differences between the standard and the frequencies 
being compared reducing and increasing the frequencies. The maximum difference was 
32 c/s, the minimum 2 c/s. 

Before the start of the serial experiments we had to establish the amplitude with 
which the vibrations of different frequencies had to be supplied to the skin of the arm 
for the subject to perceive them as “equally loud” and on discrimination of frequency 
orientate himself according to frequency and not strength. A set of experiments esta- 
blished that to produce equal loundness of the standard and comparison frequencies 
they must have equal energy. The experiments were carried out at an intensity level of 
25 db above the threshold of the standard frequency. 

A total of 4165 tests on 11 subjects were conducted for discrimination of frequency 
with both models. Statistical treatment showed significant results. At a given frequency 
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for the 5 per cent level the significance was for the various frequency differences within 
the limit of 75-95 per cent. 

The results of experiments on the discrimination of the frequency of vibrations 
perceived through the skin of the forearm from the dimensional model of the cochlea 
and the simple vibrator are illustrated in Fig. 4 (a) and (b). As this figure shows, on 


transmission of vibrations by means of the dimensional model the percentage of cases 
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1, discrimination in the cochlea model; 2, discrimination on the simple vibrator. 

imber of correct replies, °4; abscissa, relative change in frequency Af/f and number of c/s 


by which the comparison frequency differed from the standard. 


of correct discrimination of frequency over the entire frequency range from 48-112 c/s 
was greater than when the investigations employed a simple vibrator and the same fre- 
quency differences. 

Thus, for discrimination of frequency over the range 48-80 c/s with a difference 
between the standard and comparison frequencies of 4 c/s (80—76 c/s) in the dimensional 
model the correct answers accounted for 78 per cent with the simple vibrator only 69 
per cent correct answers were obtained. With a difference in the comparison frequencies 
of 20 c/s (80-60 c/s) in the dimensional model the subjects differentiated these frequen- 
cies in 97 per cent cases, in the simple vibrator only in 92 per cent, etc. Over the 80-112 
c/s range the advantages of the dimensional model over the simple vibrator were also 
evident. With a difference in the comparison frequencies of 4 c/s (80—84 c/s) correct 
discrimination by means of the dimensional model occurred in 70 per cent of the cases 
and with the simple vibrator only in 60 per cent. With a difference of 20 c/s between 
the comparison and standard frequencies (80-100 c/s) correct discrimination in the 
model accounted for 97 per cent and in the simple vibrator only 83 per cent. For 100 
per cent discrimination of the frequencies in the dimensional model, which occurred for 
a frequency difference of 32 c/s (80-112 c/s), for the simple vibrator the correct replies 


accounted for only 93 per cent. 





Mechanism of discrimination of vibration frequency 215 


Thus, the experiments showed that discrimination of vibration frequency is easier 
when simultaneous with change in frequency there is change in the spatial distribution 
of the amplitudes of displacement of the membrane, which occurred in the dimensional 
model. 

The superiority of the dimensional model over the simple model for frequency discrim- 
ination is even more clearly brought out by Fig. 5. The ordinate gives the ratio of the 
values of the frequency difference in the simple vibrator to that in the model correspond- 
ing to the same percentage recognition. Fig. 5 shows that the ratio of these differences 
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Fic. 5. Comparison of discrimination of frequency by means of cochlea model and simple vibrator. 
Ordinates, ratio of value of difference frequency by simple vibrator to that on model corresponding 
to the same percentage recognition; abscissa, number of correct replies in experiments with frequency 
discrimination as percentage of total number of replies (percentage recognition). 1, results of meas- 
urements taken over frequency range 48-80 c/s, 2, results of measurements over frequency range 80-112 


c/s. 


for different percentages of recognition (from 70-95 per cent) stayed more or less con- 
stant at about 1-7—2-0. Thus, for the same discrimination of frequency, the frequency 
differences in experiments with the cochlea model can be 1-7—2-0 times less than in 
experiments with the simple vibrator. 

The advantage of the dimensional model over the simple vibrator in frequency 
discrimination is not the same for different frequency ranges. Fig. 6 shows that using 
the simple vibrator, frequency discrimination in the low-frequency range (48-80 c/s) 
occurs much better than in the higher range (80—112 c/s). This can be seen by comparing 
the percentage of correct replies represented by curves | and 2 (Fig. 6). With the dimen- 
sional model the frequency discrimination in both ranges was almost identical (curves 
1 and 2 in Fig. 6 are close to each other). The explanation of this phenomenon has to 
be sought, apparently, in the particular conditions of perception which distinguish 
the dimensional model from the simple vibrator. 

With the simple vibrator an increase in frequency apparently impairs the possibility 
of discrimination since in this case it is based solely on comparison of the time charac- 
teristics of the signal. On vibration of the membrane of the dimensional model impair- 
ment of the conditions of discrimination with a rise in frequency is compensated by the 
additional information given by comparison of the patterns of distribution of amplitude. 
This can be seen from inspection of Fig. 3. 

As can be seen from the curve based on physical measurements (curve 1) the greatest 


distances between the maxima of amplitudes were noted in the frequency range 50-100 
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c/s. On perception of vibration by the nervous system a certain correction is introduced, 
as it were, expressed in the fact that the site of maximum sensation of each frequency 
in the 80-112 c/s range is extended as compared with the physical data, which can be 
seen from comparison of curves | and 2, Fig. 3. Thus, for example, if the distance 
between the maxima of amplitude of the membrane is movement at frequencies of 80 
and 90 c/s is 20 mm, then in sensation it is extended to 40 mm. With a frequency dif- 
ference of 80-100 c/s this distance on the membrane is 30 mm, in sensation it is exten- 
ded to 90 mm; on excitation of the membrane by frequencies of 80-110 c/s the distance 
between the maxima of the amplitude is 50 mm and the sites of maximum sensatior 
of vibrations of such a frequency in the forearm are extended to 120 mm. 
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Fic. 6. Relation between number of correct replies on frequency discrimination and the difference 
between the standard and comparison frequencies. a, simple vibrator; b, cochlea model: 1, frequency 


range 48-80 c/s; 2, frequency range 80-112 c/s Ordinates, number of correct replies, °4; abscissa, re- 


lative change in frequency A f/f and number of c/s by which comparison frequency differed from standard. 


The sites of maximum sensation of vibrations in the frequency range 48-80 c/s are 
closer contiguous as compared with the physical data. Thus, if the distance between 
the sites of the maximum amplitude of the membrane is movement with a frequency 
difference of 80-70 c/s was 40 mm, in sensation the maximum vibrations for these 
frequencies are, as close as 20 mm. With a frequency difference of 80-60 c/s on the 
membrane, the distance between the maxima is 100 mm and the distance between max- 
imum vibrations perceived at these frequencies is 50 mm. 

Our material shows that in all cases of frequency discrimination by means of the 


dimensional model the percentage of correct replies was greater than with use of the 
simple vibrator. 

Comparison of frequency discrimination by means of the cochlea model and the 
simple vibrator was earlier made by Bekesy. His qualitative observations allowed him 
to conclude that the dimensional model contains greater data for frequency discrimination 
than the simple vibrator. 

We made measurements allowing quantitative assessment of the contribution of 
information on the spatial pattern of the vibrations to frequency discrimination. The 
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great superiority of the dimensional model over the simple vibrator during frequency 
discrimination has been noted above. 

In work with the simple vibrator, frequency discrimination over a higher frequency 
range was considerably worse than over a low range. The reason for this must have 
been that with a rise in frequency the possibilities of transmiting information on the 
time picture of the signal worsened. In work with the dimensional model in both these 
frequency ranges, frequency discrimination was almost identical. In this case, infor- 
mation on the spatial pattern compensated for the difficulty in transimtting the temporal 
structure of the signal appearing with increase in frequency. These results show that 
with a rise in frequency there is also an increase in the significance of the spatial repre- 
sentation of the signal for subsequent treatment by the nervous system. 

In analysing our results we sought to ascertain the parameters of the vibratory 
displacement of the membrane with which perception of differences in the frequency 
of the vibrations delivered is connected. Our findings indicate that a definite réle in 
this respect is played by the distances between the regions of the maximum displacement 
of the membrane. But as the mechanical system of the cochlea, performing the initial 
analysis of sound vibrations, has blunt tuning it is important to obtain more detailed 
information on which parameters of the pattern in the cochlea are utilized by the nerv- 
ous system. These problems will be the subject of further research. 


REFERENCE 
i. BEKESY., G. J., Acoust. Soc. Amer. 27: 830, 1955 


CHANGES IN THE STRENGTH-DURATION CURVE 
OF TONAL STIMULI ON MASKING WITH PURE TONES* 


S. N. GOL’DBURT 
Ukhtomskii Physiological Institute, Leningrad Sta 


Received 20 May 1959) 


obtained characteris- 
ippreciable changes 
which measured the 
1e masking curves ([1 ], 


‘are of importance for physiological acoustics but for 


general physiological problems of excitability and excitation, we considered it necessary 


o submit them to independent analysis. T] ll the more justified as in the 
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literature we have come across only information on changes in the strength-duration 
curve of the tonal stimulus on masking with various noises [2-5] but not with pure 
tones. 

The present work is concerned with changes in the strength-duration curves of the 
masked tone against a background of a masking pure tone. The variations in the dura- 
tion and frequency of the masked tone were 5, 22 and 66 msec and 200, 500 1000 and 
5500 c/s. The variations in the frequency of the masking tone were 200, 500, 990 and 
5000 c/s, and the variations in intensity were in 6 steps from threshold up to 100-110 
dB above threshold. The duration of the masking tone was usually 5-10 sec; special 
checks showed that for a change in the duration from 0-5 sec to | min, the level of 
masking does not change. Five persons with normal hearing were investigated. A de- 
tailed description of the technique has been given in a previous article [1]. 


RESULTS OF EXPERIMENTS 

The picture of masking of short by long tones in relation to the ratio of their fre- 
quencies was [1] similar to the classical picture of masking of a long tone by the same 
long tone [6]. This similarity is maintained on shortening the masked tone to 5 msec, 
i.e. when the tone in effect is transformed into a noise with a wider (200 c/s) frequency 
band heard by man as a click or crack. (The width of the frequency band of the short 
tone may be designated as 1/t c/s, where ¢t is the duration of the tone in sec [7]. The 
entire frequency band of the short tone corresponds to 2/t; we speak of an effective 
band. Consequently, a tone with t = 5 msec has an effective frequency band equal to 
1 /0-005 c/s 1000/5 c/s = 200 c/s. This means that if a tone of 200 c/s lasts only 5 
msec, then in fact, it is transformed into a multi-frequency signal with a spectrum from 
100-300 c/s and a maximum at 200 c/s.) The results are graphically depicted in Fig. 1, 
(a)-(d) in the form of distinctive strength-duration curves depicting the relation 
between the shift in the threshold of the short tone and its duration at a given intensity 
of the masking tone. If we redraw the graphs connecting the points for equal durations 
in groups a—d Fig. 1, then the typical masking curves are obtained; a persistent rise in 
threshold at frequencies higher than the masking one and a steep fall-off at lower 
frequencies. Thus, for very short masked tones the course of masking depends on the 


frequency corresponding to the energy maximum of the masked tone. Nevertheless, 


the duration of the masked tone affects the masking curve. 

At low intensities of the masking tone (20-40 dB) the strength-duration curves for 
the shift in the threshold are flattened (Fig. 1, lower curves) and it is difficult to say 
which duration discloses the greatest shift in threshold and which the least. As the inten- 
sity of the masking tone increases the relationship becomes quite clear. Close inspection 
of Fig. 1, A-D convincingly shows that in those cases in which the frequencies of the 
masked and masking tones coincide or are close, or on the contrary, quite sharply 
differ, the duration of the masked tone is of great importance. Thus, in Fig. 1, A, a 
and b; B, b and c; C, c; D, d show that when the frequencies of both tones coincide 
the shift in threshold for the shorter duration (5 or 22 msec) is less than for the long 
duration (66 msec) i.e. the shorter signal is detected more easily than the longer one. 
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On the other hand, with a considerable divergence in the frequencies of the masked 
and masking tones (Fig. 1, A, c, d; B, d: D, a, b) the shift in the threshold for the longer 
tone (66 msec) is less than for the shorter ones, i.e. in these conditions the long signal 
is detected more easily than the short one. 
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Fic. 1. Curves of the shift in threshold of a masked tone in relation to the dependence of its duration 
and frequency on the frequency and intensity of the masking tone. Abscissa, duration of masked tone 
in msec; ordinates, degree of increase in its threshold in dB (the threshold in silence is taken as zero 
for the tone of each duration. Frequencies of masking tone: A, 200 c/s; B, 500 c/s; C, 990 c/s and 
D, 5000 c/s. The frequency of the masked tone for all sections ‘a’ is 200 c/s; “b’ 500 c/s; ‘c’ 1000 c/s 
and for ‘d’ 5500 c/s. The intensity of the masking tone in dB above the threshold of sensation is indi- 
cated on the curves (mean data for 5 subjects). 


Statistical verification of the significance of the data graphically depicted in Fig. 
1, A-D, i.e. checking on the significance of the difference between the shifts in threshold 
for different durations by the method of Student-Fisher [8] shows that for sufficiently 
large numbers of conditions (see Table) the differences are quite significant, the pro- 
bability of the null hypothesis is from 5 to 1 per cent; less significant shifts have not 
been taken into account in the Table. Fig. 1 (A)-(D) characterizes the shift in the 
threshold in relation to the duration, the relative threshold in silence is taken as zero 





S. N. GOL’ DBURT 


ent durations of tone. It is necessary to ascertain how fundamental 

the genuine strength-duration curve against a background of an 
sound. 

strength-duration curves for tonal stimuli was measured by Hughes 

ed a mechanical slide contact (see [1]). He investigated only quite 

from 63 to 739 msec and obtained for 5 frequencies from 200—4000 

tely parallel curves corresponding to the classical equation of the theory 

on the basis of which be proposed to measure “the pseudochronaxie” of 

apparatus. Garner [10] measured the strength-duration curves over a more 

ige of durations—from | to 100 msec for tones of 250, 1000 and 4000 

ind found complete integration of energy for all tonal stimuli 

e duration and intensity of the signals are related by the equation 

of the tone by 10 times must be compensated by a rise 
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5 msec) obtained by us (Fig. 2, I and II) are similar to 
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CONDITIONS IN WHICH A SIGNIFICANT DIFFERENCE WAS DEMONSTRATED BETWEEN DEGREE OF CHANGE 
IN THRESHOLD OF MASKED TONE AND ITS DURATION 





Shift in threshold* 


Frequency of Level of sensation Frequency 


masking tone of masking tone (in dB) of masked tone 
. a 
c/s above threshold (c/s) - 5-66 22-66 
msec msec 


50; 70; 90; 100 
- 90 


; 100 


; 100 
; 90 


; 90 


50; 70; 90; 100 
; 90; 100 





* Shift in threshold less for the duration of tone under which + sign is given. 
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responding rise in threshold is 12 dB, for 1000 c/s it is 11 dB and for 5500 c/s it is 9 dB. 
Garner believes that the incomplete “integration of energy” on shortening of the 200 
c/s tone (i.e. the need for compensating shortening of the tone by amplifying it, is 
less important) is to be explained by the extension of the spectrum of this tone when 
shortened, i.e. by partial conversion of it into a higher sound with lower threshold. 

What happens with the strength-duration curves against a background of a long 
masking tone as compared with silence? An answer to this problem is given by Fig. 2. 
In the lower part of Fig. 2 are given the strength-duration curves (I and II) for 


particular frequencies in silence. The zero of all the curves in Fig. 2 is the threshold 


of the longest of the investigated tones (66 msec) in silence; consequently, they all 
are genuine strength-duration curves characterizing genuine ratios of the threshold 
of the tones of varying durations with the some scale. Thus, while Fig. 1, A (a) shows 
that against the background of a long sound of 200 c/s at 60 or 80 dB, the thresholds 
of the short tones of the same frequency do not change in parallel and the threshold 
of the shortest tone (5 msec) increases less than the thresholds of the longer tones, Fig. 2 
(A) shows that in absolute terms these thresholds are equalized either for all three 
short tones (curve I, a) or for two extreme tones (curve I,b). 

An even more expressive change is shown by the strength-duration curves for the 
tone 1000 c/s masked by a tone of 990 c/s at 70 or 90 dB (Fig. 2, (B) curves I, (a) and 
I (b) and for a tone of 5500 c/s masked by a tone of 5000 c/s at 70 or 100 dB (Fig. 2, 
(C) curves I, (a) and I (b). In these cases we observe both equalization of the absolute 
values of the thresholds (Fig. 2 (C) curve I (b)) and surpassing of the threshold by the 
longer tone over the shorter one (Fig. 2 (B) curve I (a) and I (b) Fig. 2 (C) I (a)) due to 
a distinct inverse relation between the duration of the tone and the adaptation shift 
in threshold represented in Fig. 1, (C) (c) (curves for 70 and 90 dB) and Fig. 1 (D) (d) 
(curves for 70 and 100 dB). Thus, from curves I (a) and I (b) in Fig. 2 it follows that 
the shorter tone of 5 msec or 22 msec is detected more easily against a background of 
a tone of close or coincident frequency than is a tone of long duration (66 msec). We 
are faced with an uncommon phenomenon unknown in general physiology— distortion 
of the shape of the strength-duration curves, an apparent lessesning of the importance 
of the energy of the stimulus, i.e. a peculiar energetic paradox (of course, this paradox 
may perhaps be explained as we attempt to do below). 

For the auditory analyser such a transformation of the strength-duration curves 
is known; flattening of the strength-duration curve of the tonal threshold to the point 
of its transformation into a straight line parallel to the abscissa was discovered in pa- 
tients with involvement of the organ of Corti [11] and also as an after-effect of strong 
“white’’ noise [12]. 

Fig. 2 depicts completely opposite changes in the strength-duration curves increase 
in their steepness, occurring when the difference in the frequencies of the masking and 
masked tones was sufficiently great. 

On presentation of a short tone of 1000 c/s against a background of 200 c/s or 
a tone of 200 c/s against a background of 990 c/s or a tone of 500 c/s against a back- 


ground of 5000 c/s, the shift in the threshold was greater the shorter the tone (Fig. 2 
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(A) (B) (C) curves II (a) and II (b)). The significance of the energy factor which as 
it were receded into the background in the phenomenon of “the energetic paradox” 
just discussed, in these conditions, on the contrary, distinctly rose. Metaphorically 
speaking, it was a matter of an increase in the energy demand due to change in the 
level of adaptation. 

The range of increase in the threshold on passage from a tone lasting 5 msec to a 
tone lasting 66 msec clearly rose as compared with silence: from 6 dB (range in silence) 
to 10 and 14 dB for a tone of 200 c/s against a background of 990 c/s at 50 and 90 dB 
respectively (Fig. 2, (B) II (a) and II (b); from 12 dB to 15-20 dB for a tone of 500 
c/s against a background of 5000 c/s, 90 and 100 dB (Fig. 2 (C), II (a) and II (b); from 
11 dB to 19-31 dB for a tone of 1000 c/s against a background of 200 c/s, 80 and 90 
dB (Fig. 2 (A) II(a) and II(b). 

We measured the thresholds of detection of the short tone against a background 
of the long one irrespective of whether the short tone was heard as a clear pure tone or 
as a mistuned tone or as a hoarse crack. The subjects a heard a tone of 66 msec against 
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Fic. 3. Changes in tresholds of masking of short tone (66 msec) in relation to criterion of tonality 
of threshold. Abscissa, level of masking tone in dB above threshold; ordinates, shift in threshold of 
short tone as compared with its threshold in silence (taken as zero). Masked and masking frequencies 
coincide or are very very close; A, 990 c/s and 1000 c/s; B, 200 c/s. For curves 2a, the criterion of the 
threshold is detection of a crack against a background of a long tone; for curves 2b detection of a mis- 
tuned tone; for curves 2c, detection of the tonal character as on single presentation of the signal against 
background of a long sound. 1, masking curves for a short tone of 5 msec of the same frequency (average 
findings for subject S.G.). 


a background of a tone of the same or similar frequency a sa crack; a tone of 5 msec 
was heard in the same way as in silence, i.e. as a crack, and a tone of 22 msec heard 
in silence at 1000 and 5500 c/s as a clear tone and at 200 and 500 c/s as a more or less 
impure tone was also transformed into a crack. Consequently, had the upper curves 
in Fig. 1, (A,a) (B,b) (C,c) and (D,d) and curves Ia and Ib in Fig. 2, (A) (B) (C) 
passed through the values of intensities corresponding to the threshold of detection 
of the tone of given duration heard as a tone, then the “energy paradox” would have 
been even more marked and the masking curve for the near and coincident frequency 
would have distinctly risen. Such investigation is of great interest and was in part under- 
taken by us. Fig. 3 (A) and (B) present the divergencies in the curves of the shift of 
threshold in relation to the criterion of tonality of the short sound when the masked 
and masking tones have similar frequencies. Two durations were investigated 5 msec 
(curves 1) and 66 msec and two frequencies, 200 c/s and 1000 c/s. For the curves 1 
and 2(a) the criterion of the threshold was detection of the short tone as a “crack’’, 
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for curves 2(b) and 2(c) the criterion of the threshold was detection of its tonal charac- 
ter (“b” is heard is a mistuned sound, “c” is heard as a sound of the same tone). The 
difference in levels of sensation of the atonal and the tonal short tones for these criteria 
was 2, 7 and 13 dB for 200 c/s at levels of masking of 20, 40 and 60 dB respectively 
and 2, 20 and 20 dB for 1000 c/s at 20, 60 and 70 dB level of masking. 

Fig. 3 shows that if the criterion of the threshold had been adopted as the possibility 
of evaluating the tonal character of the masked tone, then the strength-duration curves 
in Fig. 2, because of the sharp rise in threshold for 66 msec, would have been even 
more distorted: “the energy paradox” would have been even more marked. But it should 
be remembered that the points of these curves are the thresholds for acoustic phenomena 
of different characteristics the common nature of which (energy maximum for the same 
frequency and similarity in the property of capacity for being masked) should not 
obscure their indisputable differences and in the first place the difference in their spectra. 


DISCUSSION 
Analysis of the strength-duration curves raises certain problems. Is it legitimate 
to construct a single curve for tones so short that they are evaluated as a crack and for 
tones the duration of which is sufficient for adequate tonal assessment? Do we not 
thereby bring together different acoustical phenomena? Is it not more correct to con- 
struct for each frequency at least two separate strength-duration curves guided by the 
criterion of “tonality” or “atonality” of the sounds? These arguments have substantial 
grounds. But now, in the period of the initial accumulation of experimental data on the 
strength-duration curves of the auditory analyser for different frequencies such differen- 
tiation would, in our view, be premature, all the more so as two curves may not suffice. 
Thus, Doughty and Garner [13] distinguish, apart from the atonal threshold, the click 
pitch and the tone pitch thresholds. 
Support for the construction of a single curve of strength-duration is also provided by 
one of the basic facts established by us [1]: the general picture of masking even for 
very short tone lasting 5 msec is similar to masking of a long pure tone although 
man hardly perceives similarity between both sounds. And, there are grounds for 
constructing a single curve for tones of different duration. Therefore, we, like other 
workers [2-4] investigated the changes in the course of the strength-duration curve 
a single whole 
For similar reasons we measured the threshold of detection of a short tone against 
the background of a long one irrespective of whether the subject heard the sound as 
a crack or as a tone. We thereby maintained a single approach for short tones of all 
frequencies and durations; a tone of 5 msec sounds as a crack in silence and does not 
require the application of the criterion of tonality, in using which we would in general 
have lost the right to fit measurements for tones of 5 msec and 66 msec into the same 
curve. 
The data presented may be explained primarily on the level of purely peripheral 
phenomena. “The energy paradox”, i.e. the relative reduction in threshold of the shorter 
tone in definite conditions of masking, is to be explained by marked differences in the 
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pure tone. On the other hand, given a sufficient difference in the frequencies of masking 
and masked tones “the relief” of the latter is sufficiently clear for any duration of the 
masked tone and since the longer tone is energetically more likely to win then it is 
natural that other conditions being equal it will be detected more readily than the 
shorter tone. Moreover, with a sufficient difference in the frequencies of the masking 
and masked tones detection of the latter depends more on its duration than in silence, 
i.e. detection of the shorter tone requires a larger rise in energy as compared with the 
longer tone than in silence. 

This “increase in energy demand” can be explained by the fact that the scatter of 
the energy of the short tone falling off as its constituent frequencies diverge from the 
central frequency, is unfavourable for its detection which does not depend in this 
case on the factor of “relief” since the difference in the frequencies of the masked and 
masking tones as such is sufficient to ensure the necessary relief. Apparently, change 
in the adaptation level of the auditory analyser under the influence of the long masking 
tone nullifies the possible participation of the additional frequencies of the short tone 
in producing the value of the threshold. What is an advantage in detecting the masked 
tone as a coincident frequency, may become with a sharp divergence in frequencies 
the cause of impairment of detectibility. 

Hirsh, Rosenblith and Ward [15] consider as doubtful the ability of pure tones 
to mask very short clicks (lasting a few microseconds). The shortest tones used by 
us were thousands and hundreds of times longer than such clicks and were masked, 


depending on their fundamental frequency, by pure tones but the attentuation of 
masking obtained with sufficient brevity of the tone signal (1-5 msec) and with a coin- 
cident frequency possibly forms the intermediate link between the typical picture of 


masking according to Wegel and Lane and absence of masking for very short clicks 
reported by Hirsh, Rosenblith and Ward. 

The graphic concept of “relief” is of course purely descriptive, as recognized by 
Hamilton himself. We consider that a more pertinent explanation is the neurodynamic 
theory of selective differentiated excitability developed by Makarov [16, 17] which 
indicates the dynamic mobile relation between stimulus and the reacting system and 
the variable effectiveness of the stimulus in relation to the functional state of the recep- 
tor. Makarov puts forward two main factors as the basis of this mechanism: firstly, 
the energy relation between stimulus and the substrate receiving it [16, 17); and secondly 
the distinctive nature of nerve signalization [18, 19]. Of course, the energy equivalent 
of the signal is a cornerstone of the relation of the body to the environment but we 
cannot ignore the predominance of the energetically weaker stimuli over stronger 
ones owing to the peculiarity of the signalization induced. The latest investigations 
concivingly show the uniqueness of nerve signals, in different central sections of the 
auditory analyser. The idea of diversity of nerve signalization was first put forward 
by Vvedenskii and has long been defended by his follower Makarov. Perhaps it is pre- 


cisely at this level that certain problems posed in the present paper can be solved. 
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SUMMARY 


(1) Strength-duration curves of the masked tone transformed by the adaptatory 
influence of the masking tone have been constructed, Where the frequencies of the 
masking and masked tone coincide or are close, it is possible to observe distortion of 
the strength-duration curve a phenomenon unknown in general physiology, when the 
threshold for long duration exceed the threshold for a shorter duration or equals it. 
To this “energy paradox” is opposed the phenomenon of “raised energy demand” 
consisting in the fact that for a sufficient difference in the frequencies of the masking 
and masked tone the strength-duration curve for the masked tone becomes steeper. 

(2) In the present work the threshold of detection of the short tone, irrespective of 
its tonal character, has been investigated. However, a number of experiments showed 
that the threshold of a sufficiently pure short tone (66 msec) when its frequency coin- 
cided with that of the masking tone was at first detected against the background of the 
latter as a crack then as a discordant tone and finally, as a tone of the same pitch as in 
silence. This factor is of great importance both in understanding masking of a short 
by a long tone and in further defining the course of the strength-duration curves of a 
tonal stimulus in conditions of masking. 
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MBER Of workers have concerned themselves with study of the movement of the 


juring perception. In particular, a whole book has been devoted to movements 


4 
of the eyes in looking at pictures [1]. Nevertheless, scientific workers continue to put 
questions on the movements of the eyes to the laboratory of biophysics of vision. This 
knowledge is useful in solving certain technical and clinical problems. Usually workers 
in television and the film industry, neurosurgery and psychology are interested in these 
problems. It was found that many of those who came for consultations made erroneous 
statements. For example, it seems to some that the eye in looking at any object must 
sweep its contours and by analogy with touch feel as it were the object. Others believe 
that in looking at a picture the eye more or less evenly runs over its entire surface. 
While not going into this problem with sufficient thoroughness, it is desirable to 
answer it firstly with illustrations and in part with certain explanatory captions. The tech- 
nique of recording the movements of the eyes has been already described in detail [2]. 

Firstly, it must be noted that on looking at fixed objects the movements of the eyes 
are of a jerky (and only jerky) character. If the object of perception is located in the 
frontal plane, then the eyes may be either in a state of fixation [3], or in a state of change 
of the fixation points —jerks synchronous for both eyes [4]. If the fixed object of per- 
ception is threedimensional, then change in the fixation points is accompanied also by 
a process of convergence of divergence of the eyes [5]. Finally, on looking at moving 
objects in which case only the above indicated states may proceded against a background 
of smooth movement—movements of tracking the object. (The tracking movement 
will be described in detail in a subsequent paper.) 

Numerous records allow us to contend that on perception of any object the human 
eyes voluntarily and involuntarily fix those elements of the object which carry or can 
carry the greatest amount of information. The more information contained in the 
element, the longer will the eyes dwell on it. Naturally, depending on the task facing 
the individual, i.e. on the character of the information which he must receive, the 
distribution of the fixation points on the object will correspondingly alter since different 
information is usually localized in different parts of the objects. It is equally natural 
that the sequence and duration of fixations of the elements of the object are determined 


* Biofizika 6: No. 2, 207-212, 1961. 
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by the thought process accompanying assimilation of the information. Persons who 
think differently observe differently. 
As an illustration of these remarks we give some records of movements of the 


eyes and invite the reader himself on the basis of figures to judge the claims of the author. 





Fic. 1. a, Sculpture portrait of the Egyptian Queen Nefertiti, 16th Century B.C.; b, Record of eye 
movements during 2 min. Subject freely (without instruction) looked at photograph of sculpture por- 
trait with both eyes. 


Fic. 2. a, cover page of journal ‘Ogonek’ No. 23, 1959, “Volga Girl” (photo: S. Fridlyand); b, record 
of eye movement during 3 min. Subject freely (without instructions) looked at photographic journal 
cover with both eyes. 
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Fic. 3. Reproduction from the picture by I. Ye. Repin “The Unexpected” and record of eye movements 
for seven subjects. Each subject freely (without instructions) looked at reproduction with both eyes 
for 3 min. 
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Fic. 4. Reproduction from the picture by I.Ye. Repin “The Unexpected” and seven records of eye 

movements of the same subject on freely (without instructions) looking at reproduction with both 

eyes. Each record took 3 min. The interval between separate records was | or 2 days. The records are 
in chronological order. 
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cture by I.Ye. Repin “The Unexpected” and seven records of eye move- 

of each record 3 min. Subject looked at reproduction with both 
) free (without instructions) inspection of reproduction. Before each of 
subject was asked a question; 2, estimate social background of family depicted 
in picture; 3, what are the ages of the persons shown?; 4, try to say what the family was doing before 
arrival of unexpected visitor; 5, do you remember the clothes they were wearing?; 6, do you remember 
the disposition of persons ar 


al 


the same subject. Duratior 


eyes. 1, record corresponds t 


subse quent rec rds, 


d objects in the room?; 7, say how long the unexpected visitor had been 
absent from the family. 
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THE ballistocardiogram is a record of the constrained movements of the body. The mass 
of blood in the heart and large vessels gaining acceleration during cardiac systole acts 
on the walls of the heart itself and on the walls of the vessels, then on the tissues sur- 
rounding them and on the whole mass of the body forcing it to shift to the side opposite 
to the movement of the bulk of the blood. Thus, the ballistic movements of the body, 
to use the not quite correct term describing them [1], fall into the category of reactive 
movements resulting from the counter action of the total mass of the body on the 
internal forces of a haemodynamic order. 

Two trends and two tendencies arising almost simultaneously in the technique of 
recording the reactive movements of the body have competed throughout the develop- 
ment of the technique of recording ballistocardigrams. One trend is marked by the 
endeavour to achieve the maximum reduction in the resistance of the apparatus on 
transfer to it of the movements of the body. This has been brought about by lowering 
the natural frequency or by damping the platform on which the subject is positioned. 
However, in so doing a considerable influence on the ballistocardiographic curve is 
exerted by the movements of the body connected with respiration; further, the appara- 
tus was cumbersome and inconvenient and this placed what was then an insuperable 
obstacle in the development of low-frequency ballistocardiography. 

It was these difficulties which led to the emergence and development of another trend 
in the technique of recording ballistocardiograms where the requirement for the least 
resistance to the movements recorded was sacrificed for the sake of convenience, sim- 


plicity and the possibility of recording ballistocardiograms without delay in respiration. 
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These possibilities were realized by increasing the natural frequency of the platform, 
rigid fixing and placing it on short springs. The latter trend also included the method 
of direct recording of body movements (direct ballistocardiography) where the function 
of the springs on which the body oscillates is taken over by the soft tissues of the body 
itself (muscles, subcutaneous tissue, skin). 

It was later discovered that ballistocardiograms for one and the same person taken 
on equipment of different systems were quite dissimilar. A definite shape of the bal- 
listocardiograms was peculiar to a given type of apparatus. The ballistocardiogram 
while appearing to be a function of haemodynamic forces proved to depend signifi- 
cantly on the physical properties of the recording apparatus. 

Nevertheless, the investigations of a number of workers [2, 3] showed the value 
of high frequency ballistocardiography in the diagnosis of coronary insufficiency and 
determination of the degree of disturbance in the contractile capacity of cardiac muscle. 

Because the method of direct ballistocardiography is simple and practicable it has 
been widely employed both in research and clinical work. 

However, it must be remembered that ballistocardiography, as with any method, 
can only be of use if properly applied. In the drive for simplification ever new methods 
of recording ballistocardiograms are proposed, often not quite in accord with the 
aims of the investigations. 

In recent years, high-frequency and direct ballistocardiography has come under 
serious and warranted criticism. We have seen the start of a detailed review of the 
physical bases of ballistocardiography and a start has been made in providing a strict 
theoretical foundation to the purely empirical method of ballistocardiography. 

Solution of the important problem as to which of the recording systems most 
faithfully reflects the state of the haemodynamic forces in the ballistocardiogram 
is possible on the basis of rigorous analysis of the movements of the system—the body 
plus its support. As it is impossible to get the support for the body to follow exactly 
the movement of the body, the aim must be to reduce to a minimum the mutual move- 
ments between the body and its support. 

The basis for the study of the mutual movements between the body and its support 
was laid by Nickerson and Curtis [4]; later the problem was gone into in greater detail 
jn a number of papers [5-8]. 

In the Russian literature this problem has received little attention. The analysis 
undertaken by us is aimed at obtaining the theoretical amplitude-frequency charac- 
teristics of the relative displacements between body and platform in ballistocardiographs 
of different systems. 

Under the influence of haemodynamic forces the human body performs very complex 
movements. Besides the main shifts in the head-leg direction, it moves, though to a 
lesser degree, in other directions. Moreover, such a complex dynamic system, as is the 
human body, can not move as a single whole over the entire frequency range involved 
in the haemodynamic forces. The reason is that the human body consists of organs 
of different weight linked by tissues with elastic and viscous properties. Before the 
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action of the haemodynamic forces can be transmitted to the whole mass of the body, 
it must overcome the elastic resistance, viscosity and inertia of the individual organs. 
These facts compelled us in analysing the mutual movements of the body and ap- 
paratus to resort to certain simplifications. Our starting point will be that the human 
body is a single concentrated mass which when acted upon by haemodynamic forces 
shifts only in one direction, head-leg. The periodic haemodynamic forces F,,(t) can 
be represented by the Fourier’s theorem as the sum of a number of harmonic functions 
with a frequency range from 1 to 30-40 c/s: 
n=30 
F,(t)= Y (A, Cos o,t + B, sin @,f). (1) 
n=1 
It is necessary to separate the constrained displacements of the body from the n-har- 
monic component of this force: 


F, sin (@,t +9); Fa = Ai + Bi. (2) 


We shall denote the displacement of the centre of gravity of the body M, along 
the long axis by X,, and the displacement of the centre of gravity of the platform M, 
along the same axis by X, (Fig. 1). In the absence of external forces acting on the body, 
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Fic. 1. Mechanical representation of human body and platform of ballistocardiograph. A, human 

body in low-frequency pendulum system; B, human body in high-frequency spring system. Notation: 

Mr and Mj, mass of body and platform; Cy and C,, damping of body and platform; Ky and K,, 

elasticity of body tissues and of platform springs; /, length of suspension of platform; X7 and X;, 
displacements of body and platform. 


the n-harmonic component of the haemodynamic forces must impart to the mass of 
the body a certain acceleration 


F,, sin (o,f + Pn) _ M,X,r (3) 


d*xX. ; 
where X, = es is the acceleration of the body. 
t 
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In actual conditions the haemodynamic forces are expended not only on imparting 
acceleration to the mass of the body, but also on overcoming the friction and elastic 
resistance in the tissues of the body connecting it with the support on imparting ac- 
celeration to the platform mass and also on overcoming the friction and elastic resist- 
ance in the parts of the platform. The latter factor also explains why the platform of 
the ballistocardiograph cannot exactly follow the movements of the body and why 
there will always be a difference in the displacement between them; let us denote it 
as X, — X, 

Thus, besides the constraining force the body will be exposed to the forces of friction 
between the support and body which are proportional to the difference in the velocities 
of their displacement; denoting the friction coefficient of the body tissues by C, we 
get C,(X, — X}). The forces of elasticity of the body tissues are proportional to the 
difference in displacements; denoting the coefficient of elasticity of the body tissues 
by K, we get K,(X, — X,). These forces are directed against the action of the con- 
straining force and therefore in summing all the forces acting on the body, they have 
to be represented by a minus 3ign 


? , 


M,X,_ = F, Sin (@, + 9,) — Cr(X_ — X,) — Ky (Xp — X,). (4) 


Likewise it is possible to obtain the equation of motion for the mass of the platform 
bearing in mind that the constraining forces for this mass will be the forces connecting 
it to the body, i.e. the forces of friction and elasticity of the body tissues 


Lad , 


M,X, = Cz(Xy — X,) + Ky (X_ — Xj). (5) 


The platform of the ballistocardiograph in turn is also connected with the external 
environment by the forces of friction and elasticity of its parts directed against the 
action of the forces of connection with the body. Denoting them by similar symbols, 
summing gives: 


M,X, + C,X, + KX, = Co (Xp — X,) + Kx (Xz — %5). (6) 


Rearranging equations (4) and (6) we get: 


” , 


M,X_ + Cy (Xe — Xy) + Kr (Xe — X,) = F, Sin (Wat + 9,) 


? , 


M,X, — Cy(X — X,) — Ky (Xz — X,) + C,X, + K,X, = 9. (7) 


Solution of the set of equations (7) relative to the shift in the body or the platform 
leads to quite complex expressions whereby calculation of the amplitude-frequency 
characteristics of the various ballistocardiographic devices offers certain difficulties. 
They may be readily overcome if the equation is solved for the ratio of the difference 
in displacement of the platform to the displacement of the body. Such a solution ex- 
pressed in dimensionless units is given in the final form: 
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where w,/aw, the ratio of the n-harmonic component of the constrained force to the 
natural frequency of the platform; w,/w, the ratio of the natural frequencies of the body 








> 





and platform; M,/M, the ratio of the masses of the body and the platform; ak, and 
Kp 
> the ratio of the damping of the body and platform to their critical damping. 


Crr 
Thus, the ratio of the difference in the displacements of the body and platform 


turns out to be a function of five variables present in quite complex interrelations. 

The parameters of the body and ballistocardiographic devices of different systems 
required for calculation of their amplitude-frequency characteristics from equation 
(8) may be easily obtained directly from experimental work. The mechanical parameters 
of the main ballistocardiographic systems, borrowed from the relevant authors, are 
given in the following table 





Variables 
Cp | ot | Mr | Cr 





Type 


Cxp OT M, P Cxr 





Starr [1] 100 | 005 05 | 437 | 0-25 


Braunstein 150 | 05 0-33 2-4 0-25 
Nickerson | 15 | 10 | 3:33 | 434 | 0-25 
von Wittern | O06 | 10 | 833 | 70 | 025 
Gismatulin [9] 0-25 | O12 | 200 | 135 | 0-25 
Birger | 03 | 04 | 1665 | 140 0-25 


| 
of apparatus | Wp 
| 





From these data we used a computer to calculate the amplitude-frequency characteris- 
tics of the mutual displacements between the body and apparatus, the results of which 

are graphically reproduced in Fig. 2. 
Inspection of the graphs convincingly shows that the ballistocardiographic devices 
with high natural frequency (curves 1-2) give the least catisfactory characteristics. 
—X 


an 
Over nearly the whole frequency range of the constraining forces the ratio —"_——® 


T 
is very high. In the narrow band close to the natural frequency of these devices, the 
ratio sharply diminished for the least mutual displacement owing to resonance phenom- 
ena. This indicates that the devices with high natural frequency give a complete 
record only of frequencies close to their natural frequency, i.e. the individual compo- 
nents of the haemodynamic forces. The other frequencies are recorded with relatively 
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small amplitude. This also explains the qualitative peculiarity of the shape of the 
ballistocardiographic curves taken on apparatus with a natural frequency within the 
range of the frequencies being recorded. It has long been known in practice that a meas- 
uring instrument must not have a resonance at the frequencies being recorded. Cal- 
culations show that only at a natural frequency of the apparatus of less than 0-3 
vibrations per sec does the rigidity of the apparatus cease to play an appreciable réle. 

Another essential factor determining the size of the mutual displacements in the 
degree of damping of the apparatus (curves 3-4). Although the speed of movement 
here is low, the high degrees of damping are just as undesirable as high natural frequ- 
encies of the apparatus. Damping of the apparatus must be lower than the degree 


of damping in the body tissues i.e. not exceed = = 0-:25-0°3. 
Kp 

A very important factor determining the value of the mutual displacements is the 
mass of the platform. Designing a light and sufficiently robust platform is a difficult 
task. Calculations show that only when the platform has a mass less than 1/10—-1/15 
of the weight of the subject’s body is the influence of the mass of the platform over 
a frequency range up to 12-14 c/s insignificant but that it starts to rise quite sharply 
at higher frequencies. 
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Fic. 2. Amplitude-frequency characteristics of mutual displacements between subject’s body and 
platform of ballistocardiographs of different systems. Ballistocardiographs: 1, Starr; 2, Braunstein; 


Xr = X> . . : . 
-- in dimensionless units; 






















































































3, Nickerson; 4, von Wittern; 5, Gismatulin; 6, Biirger. Ordinates: 
T 


abscissa, frequencies of constraining force from 0-3 to 30 periods per sec on logarithmic scale. 


A further very important argument emerges from what we have said. In fact, the 
human body when acted upon by the haemodynamic forces cannot move as a single 
whole. Even on ballistocardiography with the most ideal apparatus there must theoreti- 
cally be mutual displacements between the individual organs. But if the elasticity of the 
springs or damping of the apparatus is higher than the analogous parameters of the body 
or the mass of the platform is disproportionately high, this will not only increase the 
unavoidable mutual displacements between the individual organs, but lead to the 
formation of new resonant vibrations between the organs. 
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As for the direct record of the movements of the body resting on a solid and fixed 
base (direct ballistocardiography) here accurate calculation is extraordinarily compli- 
cated and certain statements may be made only by analogy. The mass of the body 
together with the elasticity and viscosity of the tissues on which it rests determines 
the natural frequency of the body and the damping of its vibrations. In persons of 
different body build the natural frequency varies from 3 to 7 c/s. The human body 
lying on an immobile base with a body movement pick-up can be considered as a vi- 
bratory system where the mutual displacements must be reduced to the minimum. 
A warning must be sounded against the frequent error in direct ballistocardiography 
when the support on which the subject rests, is insufficiently rigid and, shifting relative 
to the body, forms an additional vibratory system. Since the natural frequency of the 
body is within the range of the haemodynamic frequencies, in direct ballistocardiography 
the body is a resonance vibratory system, i.e. reproduces the haemodynamic forces 
uniformly. For these reasons in direct ballistocardiography one must not expect compara- 
ble reproduction of the haemodynamic forces in persons of different body structure. 

Hence, it may be concluded from our analysis that to lessen the mutual displace- 
ments between body and ballistocardiograph and also to reduce the resonant vibrations 
between the individual parts of the body, one must have very light, weakly damped, 
low frequency or a periodic ballistocardiographic equipment. All other equipment 
does not meet the modern requirements for recording the reactive movements of the 
body. It is now quite feasible technically to produce not only experimental but also 
industrial models of ballistocardiographic apparatus meeting these requirements. 
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INTRODUCTION 
AUTORADIOGRAPHY permits study of the distribution of a radioactive substance in animal organs and 
of special importance is a quantitative evaluation of the autoradiograph. However, despite the large 
number of papers on autoradiography insufficient progress has still been made in devising a quan- 
titative method. 

We shall not deal with the method of grain counting [1, 2] or the method of track counting [3, 4] 
which relate to quantitative micro-autoradiography. 

Drobkov [5] applied a method using standards as a quantitative method in contrast autoradiography 
in work with **P. In 1955 the work of Finagina, Kartuzhanskii and Soltitskii [6] was published, with 
a description of a method using standards for autoradiography of plant specimens. A striking aspect 
of this work was the insufficiently uniform activity per area of standard. Kuzin and Mamul’ [7] have 
proposed the method of using a radioactive wedge, being a modification and refinement of the method 
using standards, for isotopes with soft $-radiation (*C, *S, Ca). 

Abroad in 1947 the work of Hamilton and Axelrod [8] was published, dealing with a method 
using standards in contrast autoradiography with *S. In this work no account was taken of the self-ab- 
sorption in the standard and section. A distinctive supplement to the work of Hamilton and Axelrod 
was furnished by the investigation of Dudley and Dobyns [9] who computed the value of the energy 
absorbed in infinitely thick radioactive alabaster standards (““Ca). Comparing the blackening from the 
standards and sections of bone they determined the distribution of energy absorbed from the radiation of 
radioactive calcium (“Ca) in the bone. Domingues et al. [10] propose a formula for calculating the 
self-absorption in a standard 1 mm thick of a mixture of alabaster and radioactive barium sulphate 
(*S) and in a section of coconut 25 wu thick. 

In the present work an attempt was made to devise a method of standards for quantitative auto- 
radiography of **P and to study the possibility of simplifying it. 


1. PREPARATION OF STANDARDS WITH KNOWN ACTIVITY 


The radioactive standards were obtained as follows: from a XX non-screen X-ray film circles were 
cut out 1°8 cm in diameter and immersed in fixative for 20 min. Then they were carefully washed under 
running water for an hour, rinsed in distilled water and then placed in aqueous solution of Na,H**PO,, 
for which purpose a radioactive solution of **P had previously been added to 7-9 beakers each contain- 
ing 10 ml of solution. In the first beaker the activity was 0-01 uc/ml, in the second 0-02 uc/ml, in the 
third 0-04 uc/ml and so on. up to 2-56 u.c/ml. In another set of beakers the activity of the Na,H**PO, 
solution was from 0-1 to 6-4 uc/ml. The circles, 1-8 cm in diameter, were in aqueous solutions Na,H**PO, 


* Biofizika 6: No. 2, 219-227, 1961. 
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for 4-10 hr. Then they were dried on filter paper and subsequently in air. To obtain uniform dis- 
tribution in the area of radioactivity rectangles 5 x 8 mm were cut out of the circles (Fig. 1(a)). The 
activity of each rectangle was measured with a Geiger-Muller counter. 

Thereby sets of radioactive standards were obtained gradually increasing in activity. 

Then the set of standards was placed on a photographic plate or film. With the photographic 
emulsion used in our work, non-screen XX monolayer X-ray film and MIKFI, MK and R50 photo- 
graphic plates, corresponding sets of autoradiographs of the standards with a gradual increase in the 
blackening were obtained at the end of the exposure. By way of example we give the set of autoradio- 
graphs of the standards on XX monolayer X-ray film (Fig. 1). The exposure was 20 hr. The density 
of blackening was measured with a recording MF-4 micro photometer. It is clear from Table 1 that 
a relation exists between the activity of the standard and the blackening of the autoradiographs. 


00 


’ 
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Fic. 1. (a) autoradiographs of radioactive 18 mm circles, from which rectangles 5x8 mm were 
cut out; (b) autoradiogram of set of standards with known activity on XX monolayer X-ray film, 
exposure 20 hr. 


TABLE 1. RELATION BETWEEN COUNTING RATE AND BLACKENING BY AUTORADIOGRAPH STANDARD 





Activity of standard | 
(counts /min) 


Density of blackening 


| Density of blackening 
of autoradiograph of | 

| 

| 


of autoradiograph of 
standard 


Activity of standard | 


(counts /min) stendeed 





735 0-535 
1930 0-97 
3018 1-23 
5367 1-58 











2. PLOTTING OF CALIBRATION CURVES 


In quantitative autoradiography the graphically expressed relation between the number of 8-par- 
ticles impinging per unit area of film and the blackening of the given photographic emulsion serves 
as the calibration curve which enables one to determine from the autoradiograph of the section the value 
of the flux of 8-particles from different zones of the section and different histological structures. 


For the quantitative estimation of the photographic properties of light sensitive films, a charac- 
teristic curve is used which graphically represents the relation between the optical density of blackening 
and the logarithm of the quantity of illumination, H [11]. The quantity of illumination is measured 
by the product of luminosity (£) and the exposure time * (H = E x t). Very often the luminosity is 
replaced by the intensity of light [12]. The basis for this is the proportionality between the intensity 
of light and luminosity. 

In similar fashion we determined the curve for the photolayer when acted upon by §-particles 
from radioactive phosphorus, this expresses the graphic relation between the density of blackening 


7* 
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of the autoradiograph and the log activity of the standard. For this purpose we used the series of stan- 
dards obtained by us and exposed with photographic emulsion to produce the autoradiographs. Along 
the abscissa we plotted the logarithms of the count (number of counts per min) of the standards before 
exposure per square centimetr. The ordinates give the density of blackening of the standard autoradio- 


graphs (Fig. 2 (a)). 











= i 
log N,/cm’, counts/min/em'* f 6 7 


log SB (1-0 - 0.693 = ) (counts/cm") 





Fic. 2. Calibration curves of radioactive phospohrus **P plotted by means of autoradiographyof ** P 

radioactive standards on non-screen XX monolayer X-ray film. Exposure for curves: (1) 20, (2) 45, 

(3) 71 and (4) 312 hr. Ordinates, density of blackening of autoradiograph of standard: abscissa, (a) 

log counting rate of standard before exposure (counts/min/cm®*) (b) log counts per cm* of standard 
during exposure. 


To compute the number of counts from the area of the sample in the period of exposure we used 
the formula: 


N 
w= (1-. 
r 


(for derivation of formula see appendix 1) where Ng, the number of counts per min before the start 
of exposure; M, the number of counts during the period of exposure; A, the coefficient of radioactive 
decay (min~*), ¢, time of exposure, 7, the half life. For **P, T = 14-3 days = 343 hr. 

From the computed values of the series of standards described above (Table 1) is derived the 
example of calculating the number of counts on exposure for 20 hr. 


We get: 


consequently 
t 
—0-693 > 
T = e-0-00sa — 09-9605. 


Therefore in the example taken: 


—0°693 ie 
f = @ r) 1 —0-9605 = 0-0395, 
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ce en: I dia atten 


T 20,581 29,410 min’ 


Ne Ne counts/min 29.410 x N 
— = ———. == 29,410 x Ng ts. 
A 1/29,410 1/min ~ (2) 


Substituting in the formula the values (1) and (2) we get for the standards of the series in Table 1 


~0-693 | 


- i 29,410xNg x 00395 = 1162:Ng counts. 


for example, for Ng = 28 counts/min (see Table 1) for the standard having an area of 0-5 x 0:8 
= 0-4 cm?* we get: 


28 
Ns, = —— counts/min/cm? = 70 counts/min/cm? 


log,oM, = log,.(70 x 1162) = log,,.70 + 
+ logy. 1162 = 1-8451 + 3-0652 = 4-9103 


Table 2 gives the corresponding values for the remaining standards of this series. 


TABLE 2. RELATION BETWEEN LOG COUNTS DURING EXPOSURE AND DENSITY OF BLACKENING OF 
AUTORADIOGRAPHS 


a , | ae: eS 

Density of blackening | C ‘ . Log number of 

of autoradiograph of OUMATY FANS Oc HER 05 Comms | counts during expo- 
standard 


Standard 
No. dard (count/min/cm*) | rate 
| 


| 


0:02 7.10# 
0:08 23.10? 
0-11 3-3.10? 
0°17 4°1.10? 
0°185 6°1.10° 
0°535 1-84.10° 
0:97 4°82.10° 
1:23 7°54.10° 
1:58 1:34.10 


Comoran Uh WN 


The characteristic calibration curves obtained by means of this series of radioactive standards 
and their autoradiographs on an X-ray XX monolayer film are presented in the form of curve 1 in 
Fig. 2. Curve 1 corresponds to exposure for 20 hr. The other curve in the figure was constructed using 
autoradiographs of sets of standards of lower activity and for longer exposure (45, 71 and 312 hr). 

If the density of blackening of a zone of the autoradiograph of the histological section obtained 
on X-ray XX monolayer film in standard conditions of development is measured with a microphoto- 
meter, then it is possible to use a calibration curve. Naturally, to determine the counting rate of the 
zone of the section from the calibration curve (Fig. 2(a)) it is necessary to use standards with the same 
exposure as in obtaining the autoradiographs of the section studied. 
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To extend the possibility of applying the standards method for quantitative autoradiography it 
is also necessary to examine cases in which the time of exposure of the standards and the sections studied 
do not coincide. Solution of this problem depends on observance of the law of reciprocity in the photo- 
graphic action of radioactive radiation. If reduction in activity of the standard with a corresponding 
increase in the duration of exposure to obtain a uniform number of counts per cm? produces the same 
blackening in the given photolayer, then this means that the law of reciprocity of radioactivity and 
time of exposure is observed. In such a case we can from the equality of blackening of the standard 
and the zone of the section studied determine the number of counts per cm? of the zone of the section 
irrespective of the exposure. 


TABLE 3. NUMBER OF COUNTS PER CM? GIVING BLACKENING OF 0°5 ABOVE BACKGROUND FOR DIF- 
FERENT EXPOSURES 





| Number of counts per cm* for blackening 


Exposure (h 
xposure (hr) 0-5 above background (x 10-*) 





71 
312 





The corresponding graphs were constructed by us from counting the rate of the standard before 
the start of exposure from the formula (Fig. 2(b)). 

From Fig. 2(b) it follows that the law of reciprocity for 8-particles from **P and the non-screen 
XX monolayer X-ray film is not strictly respected. The number of counts per cm? determined form 
curves Fig. 2(b) producing 0-5 blackening above background varied for the different exposures (Table 3). 

For the mean value of the number of counts per cm?, equal to 1672 x 10%, the interval between 
the extreme values (1995 x 10® — 1349 x 10*) is + 19-3 per cent. It may be assumed that the reduction 
of counts per cm® is directly proportional to the lengthening of the exposure time. For exposures of 
which one was 2 times greater or smaller than the other (20 hr and 40 hr) the divergence from the mean 
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20 
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Fic. 3. Calibration curves for **P plotted from autoradiography of *P radioactive standard on 
NIKFI-R-50 photographic plate. Exposure for curves (1) 8 days, (2) 16 days; a and b, as in Fig. 2. 
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value of the number of counts per cm* is + 2:5 per cent. In practice, it is not difficult to obtain auto- 
radiographs of histological sections with an exposure equal to that of sets of standards with a known 
activity or at least twice as great or half. This allows us to express the view that in quantitative auto- 
radiography with **P with non-screen XX monolayer X-ray film from one batch in standard conditions 
of photographic treatment it is possible to use a constant calibration curve for the autoradiographs of 
histological sections obtained even at an exposure differing somewhat from that for the standards. 

Departure from the law of reciprocity was studied by us in similar fashion on a NIKFI-R50 photo- 
graphic plate subjected to the action of (-particles of **P. The results are given in Fig. 3. 

Figure 3(b) makes clear a certain departure from the law of reciprocity, expressed as in the case of 
the X-ray film by non-coincidence in the curves for different exposures. The mean value of the number 
of counts per cm? giving blackening of 0-5 above the background on the R-50 photographic plate was 
9667 x 10%. The divergence in the values of the number of counts for exposures of 8 and 16 days was 
+ 7-0 per cent. Thus, for the R-50 photographic plate it is also possible to disregard the non-observance 
of reciprocity for minor difference in exposure of the set of standards with known activity from which 
the calibration curve was plotted. 


3. DETERMINATION OF THE SPECIFIC ACTIVITY OF PART OF A SECTION 


Finding the activity of the substance of the section in count/min/cm? or counts/cm? from the cali- 
bration curve allows one to determine the relative activity of different parts of the same section, for 
example, the ratio of the specific activity of a layer of the cortex to that taken as the unit of specific 
activity of white matter. 

To determine the number of decays in the section it is necessary to take into account the difference 
in the thickness of the section and the radioactive standard. The coefficient of self-absorption and 
self-scatter computed by us for 8-particles of Na,H**PO, in the standard used with a thickness of 
28-5 mg/cm? is 0-86 (see detailed calculation in appendix). 

For the section of tissue because of its small thickness (1-0 mg/cm?) this coefficient, with an ac- 


curacy of up to 1 per cent, can be taken as equal to unity (Keirim-Markus and L’vova) [13]. 
The true activity of the standard expressed in mc can be determined from the formula given in the 
book by Bochkarev et al. [14]: 


a= — ——— —__— microcurie 
22x2x10°xpwx Kx Sxq 

where 22:2 x 10° is the number of decays per minute per microcurie; p, the number of particles emit- 

ted per decay; w, the relative solid angle; K, the coefficient of absorption; S, the coefficient of self- 

absorption and self-scatter; g, the coefficient of back scatter. 

We calculated the following values of correction on measurement of the counting rate of the stan- 
dard with a Geiger-Muller counter: w = 0:24; K = 0:74; S = 0:90; g = 1-21 since w.K.S.q. = 0-24x 

N 
x 0°74 x0-90 x 1:21 = 0-19, then dgtana = ——— Z me where Ng is the counting rate for the 
22:2 x 10° x 0-19 
standard per cm? area corrected for background, dgtanq the true activity of the standard in uc/cm?. 

In autoradiography for a given equality of blackening of the standard and section the number of 
8-particles emitted per cm* photolayer is uniform for standard and section: As was stated, 14 per cent 
of all 8-particles emitted by the standard for the autoradiograph is accounted for by self-absorption 
and self-scatter. In the section f-particles are not lost on self-absorption and self-scatter. Therefore, 
the true activity of the part of the section is less by 14 per cent than the true activity of the corresponding 
standard (producing uniform blackening of the autoradiograph. We get 

4°55 ; ' 
Gsection = 0°86 X Astana = = ———— microcurie 


whefe Ggzection is the activity of the part section in mc per cm? area. 
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Method of using standards for quantitative autoradiography 


Fic. 4. Autoradiograph of horizontal section of rat cerebrum on R-50 photographic plate. Exposure 

21 days. (a) section, photograph ( x 8); (b) autoradiograph of section, photograph ( x 8). 1, cortex of hemi- 

spheres; 2, corpus callosum, 3, pyramidal cells of cornu Ammonis; 4, pyramidal cells of ligamentum 
denticulatum; 5, nucleus caudatus; 6, vascular plexus, 7, epiphysis cerebri. 
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If the thickness of the section is then 10. the value of the true activity of the part of the section 
is equal to the specific activity expressed in decay/min/mm® or yc/mm*. 

By way of illustration we give a quantitative determination applied to an autoradiograph of a 
horizontal cerebral section (Fig. 4). 

The rat received via the subarachnoidal route 42 mc of Na,H**PO,. Decapitation was performed 
after 50 hr. After fixation with absolute alcohol and passage through benzene the brain minus cerebel- 
lum was embedded in paraffin. A horizontal 18 uw thick section of the cerebrum was exposed on an 
R-50 photographic plate. After 21 days the photographic plate was developed and an autoradiograph 
of the section obtained (Fig. 4). 

After measuring the density of blackening of the autoradiograph along the line A-B (Fig. 4) by 
means of a MF4 microphotometer and using the calibration curve for the R-50 photographic plate 
(Fig. 3) we determined the number of counts (counts/cm*) of the histological structures during exposure 
for 21 days on a photographic film. Dividing the number of counts by 1-8 (thickness of section 18 1) 
gave the number of counts per mm® substance of the section (count/mm*), then multiplying this number 
by 4-55 gave the number of decays in the histological structure (decay/mm*) during the exposure time. 
The results are given in Table 4. 


DISCUSSION OF RESULTS 


Study of the departure from the law of reciprocity in the photographic action of 8-particles of 
adioactive phosphorus (maximum energy 1-72 MeV) established the possibility of applying a constant 
calibration curve for quantitative autoradiography with **P and the non-screen XX monolayer X-ray 
film or the R-50 photographic plate. 

Departure from the law of reciprocity in the photographic application of low-energy electrnos 
(30-80 keV) was studied by Kovner [15]. He noted regions where it applied and variable degrees of 
non-appliance in relation to the intensity of the electron beam and the sensitivity of the photographic 
plate. Ray and Stevens [16] have studied non-observance of reciprocity in the photographic action 
of 8-particles from radioactive iodine (***I). It follows from the findings of Ray and Stevens that for 
a highly sensitive non-screen monolayer X-ray film the divergence from the mean value of the number 
of 8-particles/cm? giving uniform blackening is + 7-0 per cent for a 100-fold difference in activity, 
which in practice implies observance of the law of reciprocity. This supports our conclusion on the 
possibility of applying a constant calibration curve for quantitative autoradiography with **P on XX 
monolayer X-ray film and R-50 photographic film. 

The advantage of applying a constant calibration curve, as compared with simultaneous exposure 
of a set of standards and specimens on one photographic plate, consists in the saving in the time neces- 
sary for preparing the standards, microphotometry of their autoradiographs and plotting the calibration 
curve from them on each occasion we expose the standards and specimens on one plate. With accu- 
mulation of experience in work with a constant calibration curve it will be possible to ensure its inde- 
pendence of the photographic properties of the plate by establishing a mean curve for several photo- 
graphic plates of the same type similar to the method of solid graphs and quantitative spectral ana- 
lysis [12]. To verify the validity of the calibration curve it will be possible to expose one control radio- 
active standard alongside the specimen on the film. 

Relative determination of the concentration of radioactive substance in various parts of the same 
histological section by means of quantitative contrast autoradiography does not require calculation 
of the coefficient of self-absorption and self-scatter of the standards in the section nor corrections for 
measurement made with the Geiger-Muller counter. 

In conclusion, we would point out that by using the standard method it is possible by autoradio- 
graphy to determine the amount of radioactive substance in parts of the histological section measured 
in hundredths of a square millimetre, a task which counters based on ionization chambers are not able 
to do. 





Method of using standards for quantitative autoradiography 


SUMMARY 


(1) In practice, observance of the law of reciprocity in the photographic effect of 8-particles from 
*3P on non-screen XX monolayer X-ray film and a R-50 photographic plate for a small differences 
in exposure enables one to simplify the method using standards for quantitative autoradiography with 
%2P by producing a constant calibration curve. 

(2) Relative determination of the amount of radioactive substance in various parts of the same 
histological section by means of method using standards using in autoradiography does not require 
calculation of the coefficients of self-absorbtion in the standard and section nor corrections for meas- 
urement with a Geiger-Muller counter. 

(3) By means of the standards method in quantitative autoradiography it is possible to determine 
the amount of radioactive substance in small parts hundredths of a square millimetre, of the histo- 
logical section. 

(4) The method of the constant calibration curve can be improved by plotting the mean curve for 
several photographic films of the same type and checking them by means of a control standard. 


APPENDIX 
1. Adopting the notations given on page 221 (Russian text) we may write: 
— dM = Ng e-* dt, 


computing the integral 


t 0 

1 

=— j Nege~*t dt = Ng j e-™ dt = Ns| om ze) 
0 t . 


Neg 
= —— (1 —e-), 
7 ( e-At) 


0-693 
substituting T for A in the exponent gives the final formula: 


2. Calculation of the coefficient of self-absorption and self-scatter in a standard with a known activity. 
The thickness of the standard (1) with a known activity in our experiments was 28-5 mg/cm’. 
The solid angle in which the f-particles impinge on the photographic film can be taken in auto- 

radiography, according to Pel’k [17], as equal to 0-4. With such a solid angle Keirim-Markus and L’vova 

{13] showed that the coefficient of self-absorption and self-scatter S can be calculated from the formula: 


d x | 
——_—_|1-2°>¢}: 
0-693 eet 


where d is the layer of half-attenuation, for **P = 118 mg/cm* (according to these workers); /,rr, the 
effective thickness of the preparation determined in the same way as the /.-, for the absorbent. 
From the graph in [14] we find that at a solid angle wo = 0-4 and / = 28-5 mg/cm’, Jere standard 
= 28-5 mg/cm? x 1-85 = 52:7 mg/cm’. 
Thus, we obtain 


5-27 


118 eae 
S, = — - 1-2 1) - 086 
wantare 003X527 ( 
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The relation between self-attenuation and thickness of the preparation is effected not only by the 
geometrical conditions of measurement, the effective atomic number of the preparation and the sub- 
layer and the structure of the preparation but also by the back scatter from the sublayer [13]. 

The coefficient of back scatter from the sublayer (g) of the section and standard are identical 
since the sublayer for the section and the standard is in the form of glass plates 333 mg/cm? 342 mg/cm? 
thick and the coefficient g reaches saturation with a sublayer thickness equal to about 0:2 x Rn(Rm 
is the maximum range of §-particles in the sublayer) [13]. 


For *#P: 0-2 x Ry, = 0:2 x 785 mg/cm? = 157 mg/cm. 


Since 333 > 157 and 342 is greater than 157 then the coefficients of back scatter from the sublayer 
of the section and standard for both equal the saturation value (1°21) section and standard. 

I should like to express deep gratitude to my director Professor M. I. Prokhorova and Corres- 
ponding Member of the Academy of Medical Sciences, Professor G. Ye. Vladimirov for valuable 


advice. 
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DOUBLE-BEAM ELECTRONIC OSCILLOSCOPE 2EO-7 
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IN measurement techniques for stimultaneous recording of transitional processes multibeam or ordinary 
single-beam osilloscopes are used with an electronic commutator. Double-beam electronic oscilloscopes 
and single-beam ones with a commutator have come into wide use. Electronic commutators completely 
replace the double-beam electron tubes. The greater the difference between the commutation frequency 
and the signal the more accurately is the form of the signal reproduced. Therefore, a commutation 
frequency 10-25 times greater than the signal frequency is usually taken if aperiodic processes are to 
be investigated. 

In paper [1] an analysis is given of the technical and economic desirability of using single-beam 
electronic oscilloscopes with an electronic commutator in front of an oscilloscope with a four-beam tube. 
On the other hand, the technique of commutation is somewhat simplified by using a special magnetron 
valve where the electron beam is commutated is series and directly on 10 anodes with a frequency of 
commutation of 100 kc/s [2]. Improvement in the commutation technique removes the need for con- 
structing multi-beam complex electronic tubes. Even in this case the application of double-beam tubes 
for studying two transitional processes may be the ratiohal procedure, all the more so at high trequencies 
and in some cases also for simultaneous observation of fast and slow processes. 

As we know, our industry is now turning out in the main OK-15M and OK-NM double-beam 
oscilloscopes intended for investigating very transitory pulse processes [3]. 

The double-beam electronic oscilloscope proposed by us for electrophysiological purposes is de- 
signed on the basis of the EO-7 oscilloscope widely used in experimental practice. The overall size 
of the instrument makes it possible to accomodate in it a second amplification channel along the verti- 
cal axis and to replace the 13-LO-37 electronic beam tube by a double-beam tube of the 13-OL-48-I type. 
The power consumed by the instrument from the mains increases in all by 30 VA and does not cause 
any substantial change in the temperature conditions because of the existing natural ventilation of the 
nstrument. The basic circuit of the double-beam oscilloscope is shown in the figure. The amplifiers 
of both channels along the vertical axis, y, are identical. The input terminals of these amplifiers are 
replaced by a coaxial input. The need for using coaxial inputs for the amplifiers is dictated by the 
presence of capacitive coupling in the assembly and the high ohmic input circuits of both amplifiers. 
The coefficient of attenuation of the input attentuator is taken as 1 : 1 or 1 : 10. Switching is by two 
double pole tumbler switches T, and T,, each corresponding to a channel. For the complete exclusion 
of the influence of one channel on the other, through the capacitance of the assembly, one of the tumbler 
switches with all the parts of the attenuator is located in a closed screen and the supply leads to the 
valve panels are placed in the screen. The input valve V, of the first channel is sited as instructed by the 
manufacturers. The input valve V, of the second channel is set behind valve V, at the position of capacitor 
C, (designation according to instructions for the EO-7). Both intermediate capacitors between the first 
and second stages of the amplifiers (4 uF at 200 V) are placed in the lower left cutout of the chassis 
under valve V,;. The amplifier controls of both channels, i.e. 50 kQ potentiometers (R,— instructions 
for EO-7) are regulated independently. Their control rods are fixed coaxially, the outer one being 
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manufactured from tube. Such a design makes it possible to use one scale of the amplification regulator 
for both channels and enables these parts and the assembly for the circuit to be compactly housed. 
Valve V, is iixed on an independent horizontal panel above valve V, from the left side of the chassis 
together with the remaining parts of both stages. The corrective inductivities in the anode circuits of 
valves V, and V, and the resistances of the anode loads are mounted on the horizontal panel next to 
these valves above the high-voltage capacitor C,, (see instructions for EO-17). The output valves of the 
amplifier of the second channel V, and V,, are set on a separate vertical panel below the socket of the 
electron-beam tube, under the output valves of the the horizontal, x, amplifier. The resistance of the 
anode loads and the two corrective inductivities of 3 .H are fixed on the rear side of the vertical panel 
behind valves V, and V,. The 13-LO-48 double-beam tube is fixed in its 25-pin vave bose, the diameter 
of the aperture in the vertical panel being increased to 94 mm. Both electrolytic condensors, 20 uF each 
in the anode circuits of valves V, and V, are located on an independent corner panel behind the elec- 
tron-beam tube at the top of the chassis. The brightness of the beams of the tubes and the focusing 
are controlled independently. 

To the front vertical panel of the oscilloscope, four control arms have been added: (1) the arm of 
the 47 KQ potentiometer— “the brightness” of the second channel, from the left side above the corre- 
sponding arm of the first channel; (2) the arm of the 220 KQ potentiometer— “focusing” of the second 
beam, on the right side of the tube above the corresponding arm of the first beam; (3) the arm ot the 
20 KQ potentiometer— “vertical shift” of the second channel (the cathode circuit of valve V,) in the left 
part of the panel occupying the position of the on-off switch of the beam of the tube (tumbler switch 
T,—see instructions for EO-7); and (4) the arm of the amplification regulator of the second channel 
vertical amplifier (potentiometer 50 KQ)), as already stated above, is set on the coaxially with the arm of 
the first channel amplification regulator. 

The circuit of the sweep generator of the oscillograph EO-7 is somewhat changed. The generator 
can operate both in single and continuous sweeps up to 25 kc/s with the same set of capacitors. 

For investigation of super-slow processes, it is fully possible to obtain in single-sweep operations 
a retarded sweep with satisfactory linearity of up to 5 sec. 

To ensure flexibility of control of the single sweep, valve V,, (6M2P) is connected directly to the 
anode of a thyratron (TGI-0,1/0,3) (V,). The circuit ensures independent regulation of the position of the 
beam, amplification and symmetrical increase in the amplitude of sweep in relation to the centre of the 
tube. To fulfil the conditions, it is necessary that the lineally-changing voltage with maximum ampli- 
fication is symmetrical relative to earth. For periodic sweeps this is easy to achieve by means of capac 
itive coupling. However, in single-sweep conditions, the mean value of the voltage on the dividing 
capacitor changes and it becomes necessary to compensate for the associated displacement in the ori- 
gin of the sweep. Furthermore, if several single sweeps follow within a short interval, then their origins 
will not coincide because of the charge of the intermediate capacitor. In this circuit it is possible to 
select, by the slide of the 330 kQ potentiometer in the circuit of the cathode of valves Vio (6M2P), a posi- 
tion in which the lineally changing voltage will be symmetrical with respect to earth. At this point 
On a repetitive sweep, the picture will be the same as for the case of capacitive coupling; but with single- 
sweep operations the new conditions will set in instantaneously without regulation of displacement. Thus, 
the origin of the subsequent sweeps will coincide. It is convenient to fix the 330 kQ potentiometer 
at the position of the variable resistance R;, (see instructions for EO-7) on the horizontal chassis at 


the right side. 
The synchronization switch in this circuit must have four positions: (1) “external synchronization” ; 


(2) “mains”; (3) “internal” and (4) “manual switch on”. For this purpose to this switch a second plate 
is added. Switches P, and P’, are single pole and belong to the same plate; P, to the second plate. 

In single-sweep operations of the generator, switches P, and P’, occupy the extreme left position 
and P”’, the upper position. The thyratron is cut off by a negative potential and can be started by a posi- 
tive 2 V pulse from the external generator through the “external synchronization” terminal. The beam 
during one cycle moves in a forward direction but does not return abruptly because of the rise in ioni- 
zation potential of the thyratron V, with reduction in the grid displacement. The beam moves further 
outside the tube screen until the left half of valve 6N2P starts to conduct current as the potential of the 
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anode becomes positive in relation to the cathode. The beam does not appear on the tube-screen until the 
subsequent starting pulse has been supplied. During this time, the beam suddenly returns and goes 
through one forward movement at the same initial speed determined by the resistance of the anode cir- 
cuit of the thyratron and its capacitance between the anode and cathode. Them the beam again remains 
outside the screen until the arrival of the next starting pulse. 

In the second position of switches P,, P’, and P’’,, the sweep generator in synchronized with the 
mains frequency. In the third position of P, and P’,, switch P, is set on the lower contacts. In this position, 
the generator operates in the continuous “internal synchronization” system. In the fourth extreme right 
position switch P’’, is again fixed on the upper contact. The generator in this position is relased by the 
button T,— “manual switch-on”. This button is fixed on the right side between the “external synchroni- 
zation” and “x input” terminals. 

If the button is closed then displacement of the grid of the thyratron diminishes suddenly since 
the 1000 uuF capacitance in the grid circuit begins to be charged. The values of the capacitance and 
resistance (1000 uuF and 16 M{)) are so selected that the starting pulse is shorter than the shortest 
working time of the circuit and in this case the sweep will start only once irrespective of how long 
the button is closed. When the button is released the 1000 uF capacitor is discharged thorugh the 
resistance switched in in parallel and the circuit restored. 

Because of the adequacy of the input resistance of valve 6N2P and the direct coupling of thjs 
valve with the generator, the linearity of the sweep at low frequencies is in the main determined solely 
by the thyratron 

The second vertical amplifer channel increases the total consumption of anode current to 95 mA. 
It is therefore necessary to increase the diameter of the lapping of the step-up winding of the trans- 
former (winding with tappings 8, 9 and 10, see instructions for EO-7) from 0-12 to 0:2 mm. The window 
of the core of the power transformer is quite large and enables the lapping of this winding to be 
increased. 

Moreover, addition valves increase the consumption of filament current by 2-6 A which neces- 
sitates replacement of the topping of the filament winding (leads 19-21) by a thicker one (1-8 mm). 

The heating current of the double-electron guns of the 12-LO-48 tube is supplied from the same 
winding, the diameter of the lapping of which has also to be increased from 0-6 to 0-74 mm. If it is 
decided not to rewind the power transformer, then one can in the place of the power chokes (V,, V,) 
in the lower part of the chassis, instal any power transformer with a power of up to 35 W together 
with a rectifier valve, or germanium rectifiers, and all the parts of a filter. The overall size of the EO-7 
oscillograph permits addition of a further rectifier for supplying the second channel. We have devised 
a second variant. However, technically it is more rational to rewind the power transformer. 

In the variant designed (this is not indicated in the circuit) both preliminary amplifiers of both 
channels are supplied from the stabilized rectifier in the EO-7 and both output stages of the vertical 
amplifiers (4 valves 6P6) are supplied from an additional non-stabilized rectifier. The filament circuits 
of all output valves (6 valves 6P6) are connected to an additional power transofrmer (from a “Zvezda” 
radio receiver) mounted in the lower part of the chassis. 

Positive results in testing the double-beam electronic oscilloscope 2 EO-7 with single sweep enable 
us to recommend it for study of low-frequency processes and, in particular, for electro-physiological 


purposes 
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(Received 24 April 1960) 


One of the ways of studying the nature of the biological action of microwaves is to investigate the 
excitability of a nerve-muscle preparation exposed to irradiation. However, such investigations are 
only possible by developing new techniques and apparatus which would allow measurements of the 
parameters of excitability during irradiation with doses known to a sufficient degree of accuracy. 

The two experimental arrangements described below may be used for electrophysiological investi- 
gations of the excitability of the nerve-muscle preparation (gastrocnemius muscle and nerve) during 
irradiation with microwaves in the 10 centimetre range. The dose is measured either from the intensity 
of the power flux on the part of the preparation being irradiated or according to the power absorbed 
in this part of the preparation. 

In the first arrangement the test area of the preparation is irradiated with a power flux of mW/cm?. 
The basic circuit of this arrangement is shown in Fig. 1. The energy from the microwave generator 1 
is led along cable 2 to the transition arrangement, cable-waveguide 3 in which microwaves of type 
H,, are excited spreading further along the waveguide channel including the attenuator 4, the power 
indicator, consisting of the waveguide with detector head 5 and the microammeter 6. The waveguide 
channel terminates in horn 7 in the upper part of which on two absorbing plates 8 is the chamber with 
the nerve-muscle preparation 9. 

If the preparation is placed in the central part of the section of the horn so that the axis of the prep- 
aration is directed along the electrical lines of force (for waves of type H,, perpendicular to the wide 
side of the Waveguide) then the intensity of the power flux Pm,x along the axis of the preparation is 
determined from the relation: 


where P is the power supplied to the horn, in mW; S, the area of cross section of the horn at the site 
of the preparation, in cm?. 

The chamber is arranged on the absorbing plates in such a way that only part of the preparation be 
irradiated is the gap between the plates. The microwave energy supplied to the horn irradiates the 
part of the preparation present in the gap and is partially observed in the plates. If shielding is necessary 
the aperture of the horn may be closed with the absorbing plate (10 in Fig. 1). The dose of irradiation 
is regulated by the attenuator and is controlled from the power indicator, first calibrated directly in 
the intensity values of the power flux Pax. Calibration is by including a conducting path between the 
power indicator and horn and measurement of the power by a meter for microwave power. 

In the arrangement standard waveguide instruments are used with a cross section of the waveguide 
of 72 x 34 mm. The dimensions of the horn, in its wide part, are 230 x 90 mm. 
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It is necessary to describe in somewhat greater detail the chamber for the nerve-muscle prepara- 
tion; a general view of which is given in Fig. 2. The total dimensions of the chamber are 130 x 45 mm. 
It is made of polystyrene which is practically transparent to microwaves in the 10 centimetre region. 
Within the chamber the order of arrangement is; polymethyl methacrylate unit 1 intended for fixing 























\ 








Fic. 1. Basic circuit of arrangement for irradiation of nerve-muscle preparation 
with micrcwaves with dosage based on the intensity of pcwer flux. 


the muscle; the polymethyl methacrylate clamps 2 for fixing the segment of the femur, the platinum re- 
cording 3 and stimulating 4 electrodes. The design of the electrodes is triphasic in which the unearthed 
electrode is within the earthed one made in the form of a fork. The leads from the electrodes are made 
in the form of plugs enclosed in the polymethyl methacrylate blocks 5. 


Fic. 2. Chamber for investigation of excitability of nerve-muscle preparation during irradiation by 


mucrowaves. 


The measurements made by means of a measuring line shcwed that the coefficient of the travelling 
wave (c.t.w.) in the waveguide channel with the horn containing the chamber and preparation is not 
less than 0-7, i.e. not more than 3 per cent of the microwave power supplied, is reflected from the chamber. 
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The design of the chamber described is intended for irradiation of part of the nerve. When the cham- 
ber is suitably positioned in the horn the electrodes are no top of the absorbing plates and consequently 
do not give reflexions. 

The basic circuit of the arrangement for measuring the power absorbed in the preparation is shown 
in Fig. 3. The waveguide channel of this arrangement includes the same waveguide instruments as in 
the above described arrangement (these instruments are denoted by the same numbers as in Fig. 1) 
and in addition a further measuring line 7 and impedance transformer 8. The irradiating device is the 
short-circuited segment of waveguide 11 with cross section of 90 x 200 mm connected to the waveguide 
channel through the transition horn 10 and the orgled waverguide 9. The disposition of the absorbing 
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Fic. 3. Basic circuit of arrangement for irradiation of nerve-muscle preparation with microwaves 
with dosage based on microwave power absorbed in the preparation. 


plates and chamber in the extended waveguide is the same as in the horn of the first arrangement. The 
distance from the preparation to the end plate 12 is equal to a quarter of the wavelength (in the wave- 
guide); consequently, the preparation is at the antinode of the standing wave. By tuning the impedance 
transformer quite good “matching” can be achieved i.e. absorption in the irradiated part of the prepara- 
tion of all the energy supplied along the waveguide channel. The power indicator is calibrated by the 
method described above. 

The circuits described can be used also for ranges of waves shorter than 10 centimetres with use 
of suitable waveguide instruments and irradiating devices. 
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Our previous histological investigation of the varoius links of the sound analyser of animals on ap- 
plication of simple and complex sound (with a high intensity) showed that the changes observed are 
most distinctly expressed in the cells of the spiral ganglion of the cochlea [1, 2]. These changes varying 
with the stimulus were essentially a matter of reduction in the tiogrid substance of the cells. 

Recently there have been an increasing number of histochemical investigations of the auditory 
analyser aimed at comparing the localization and change in chemical components of the cells with their 
functional state. This work in the main bas been done on the organ of Corti of the cochlea [3-8]. 

The histochemical methods applied by us enabled us to assess the ribonucleoprotein (RNP) of the 
tigroid of the spiral ganglion. 

To determine quantitative changes in the ribonucleoproteins of the tigroid, together with general 
histological methods it is desirable to use ultra-violet microscopy with subsequent photometry. However, 


the use of various techniques to study the spiral ganglion enclosed in the osseous capsule of the cochlea 
is made difficult, firstly, by the need for decalcitying the bony parts which in the usual method (nitric 
acid, trichloracetic acid, etc.) produces hydrolysis of the nucleoproteins and consequently destroys the 
tigroid and, secondly, by the difficulty in choosing a the fixative with the least inherent absorption in 
the ultra-violet region, especially in that part of the ultra-violet spectrum in which the nucleic acids and 
nucleoproteins of the cells absorb (250-280 mu). The object of the present investigation was to com- 
pare and select fixing and decalcitying mixtures suitable for the investigation. 


FACTUAL INFORMATION 

The main fixatives used to study cell ribonucleoproteins are Shabadash’s fluid, Carnoy’s fluid, 
96% alcohol and 96% alcohol-formalin. 

We concluded from our findings that the most distinct preparations on staining the RNP of tigroid 
with histochemical methods are obtained after fixation with Shabadash’s fluid which precipitates the 
RNP by an alcoholic solution of copper nitrate. This method prevents enzymatic destruction of RNP 
and ensures physicochemical stability of the available amount of RNP and the integrity of the cytological 
structure [9-11]. In order to select the fixing mixtures for investigation with the ultra-violet microscope, 
the inherent absorption of the various fixatives and their component in the ultra-violet region were 
measured by means of a SF-4 spectro-photometer. The measurements were made against alcohol in 
a cuvette with a minimum thickness of 0-5 mm. Alcohol was chosen as a comparison solution because 
it forms part of all the fixatives and is transparent in the relevant range of the ultra-violet spectrum. 
Reduction of the absorbing layer to 0-5 mm brought the conditions of measurement of absorption in 
the cuvette into line with those in the histological preparation, although in this case the thickness of 
the layer still greatly exceeded that of the preparation. 
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1. The composition of Shabadash’s fixative is 96% spirit, copper nitrate (Cu(NO,),), calcium nitrate 
(Ca(NO,),) and formalin. 
2. The composition of Carnoy’s fixative is absolute alcohol chloroform and acetic acid (6:3:1). 
3. Fixative 96% alcohol-formalin (9:1). 

It is clear from tables 1-3 that Carnoy’s fixative and 96° alcohol-formalin with a thickness of the 
abs orbing layer of 0-5 mm were fully transparent in the region of absorption characteristic of cell nucleo- 
proteins (260-280 my) whereas Shabadash’s fixative in this region transmitted only from 2-0 per cent 


TABLE 1 





Optical density Optical density 


| Wave- 
| 
Alcoholic | Alcoholic Alcoholic | Alcoholic | 
rma- |Shabad: length q 
| solution | solution Forma- |S badash Forma- |Shabadash 


solution | solution 
| Cu(NOy)s Ca(NO,)s 








Wave- 
length 


(my) lin fixative | (my) Cu(NO,),| Ca(NO,), lin | fixative 





| 20 0-56 | 20 | 270 1:8 | 0-015 0-005 | 1-5 

20 | O16 | 20 | 275 1:8 0-022 | 0005 | 1-4 
18 | 004 | 1:8 | 280 18 0-032 | 0004| 1-25 
1:8 | 0-005 | 1:8 | 285 1-7 0039 | 0003 145 
1:8 | 0-000 | | 17 | 290 15 | 0044 | 0002 | 087 
18 | 0005 | 1-6 | | | 

















TABLE 2 





Optical density | Wee Optical density 
| 








Alcohol 


fluid | (my) | form | acid | fluid 


Chloro- | Acetic | Carnoy’s | length Chloro- | Acetic en 





0-255 | | 00 | | 009 | 0-00 
0-10 | | 00 | © | 0-00 
002 | | 0 0-00 
001 | oO 06 | 0-00 
0-00 | 

0-00 








Optical density | Optical density 
Wavelength | | Fixative, Wavelength Fixative, 
(mp) | Formalin 96% alcohol- | (my) | Formalin 96% alcohol- 
formalin | | formalin 











0-0 0-0 
0-0 | 0-0 
0-0 0-0 
0-0 0-0 
0-0 
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(260 mu) to 5-5 per cent (280 my) of the incident light which is to be explained by the strong absorption 
of the copper nitrate forming part of this fixative. 

The second technical difficulty in the study of tigroid nucleoproteins of cells of the spiral ganglion 
of the cochlea is the need for decalcification. Decalcification is usually effected by means of acids which, 
as is known, hydrolyse nucleoproteins. We therefore attempted in decalcifying the cochlea to use the 
neutral (weakly alkaline) solution of ammonium citrate proposed by Shabadash [12]. 

This decalcifying fluid proved suitable also for investigating the spiral ganglion with the ultra-violet 
microscope since it only possesses slight inherent absorption of ultra-violet rays in uhe relevant spectral 
region (see Table 4). 


TABLE 4 


Optical density — 





Optical density 





Wavelength | Decalcifying mixture | Wavelength | Decalcifying mixture 
(my) (ammonium citrate) (my) (ammonium citrate) 
pH 7:1 


0-07 
0-02 
0-003 
0-003 
0-002 
0-002 


A method has been devised for decalcifying the long bones of rats, consisting in chemical extraction 
of Ca by treating the bones with ammonium citrate at pH 7-1-7-3 at 37-39° for 72 hr. On decalcifying 
the bony parts of the guinea-pig cochlea for 3 days, complete destruction of the nucleoporteins of the 
tigroid in the nerve cells of the spiral ganglion was found. This is clearly shown in Fig. 1 which depicts 
the nerve cells of the spiral ganglion stained according to Shabadash’s method for nucleoproteins of 
tigroid (staining with methylene blue in buffer solution pH 4-5 [9]); there was no tigroid in these 
cells. 

As prolonged decalcification caused destruction of the nucleoproteins of the tigroid we somewhat 
modified the basic technique, shortening the time by preliminary removal of the outer bony parts of 
the cochlea and decalcifying merely the modiolus of the cochlea enclosing the spiral ganglion. 

Isolation of the modiolus considerably shortened the times of decalcification, which now took 
4-6 hr; the stained preparations of the spiral ganglion showed that the nucleoproteins of the tigroid 
of the nerve cells were maintained. 

Comparing the preparations after 6-hr decalcification with cells of the spiral ganglion not subjected 
to the action of the decalcifying fluid (i.e. with fragments of the fixed spiral ganglion isolated by removal 
of the bone capsule of the modiolus) we were able to assess the degree of preservation of the tigroid. 
Fig. 2 shows the tigroid of the nerve cells of the ganglion not subjected to decalcification and Fig. 3 
that after 6-hr treatment with ammonium citrate at pH 7-1. Visual comparison of the photographs 
reveals no difference. 

Destruction of the tigroid of the nerve cells of the spiral ganglion of guinea-pigs with solution 
of ammonium citrate led us to investigate the same treatment for the tigroid of other nerve cells. For 
this purpose we chose the sensitive cells of the spinal ganglia and the motor cells of the spinal cord 
of these animals. The spine and spinal ganglia were treated with ammonium citrate pH 7-1 for 6 hr 
or 3 days in line with the basic schedule for decalcification. As a result we discovered that after 3-day 
treatment with ammonium citrate the tigroid in these cells was maintained although in-completely 
in some cells (Figs. 4 and 5). Fig. 4 presents the nerve cells of the quinea-pig spinal ganglia after 6-hr 
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decalcification. Fig. 5 the same nerve cells after decalcification for 3 days. The same was also noted for 
the cells of the spinal cord. Hence, the tigroid of the nerve cells of the spine and spinal ganglia were more 
resistant to the action of decalcifying fluid than the tigroid of the cells of the spiral ganglion. 

The more rapid destruction of tigroid of the spiral ganglion of the cochlea when treated with the 
various substances used in histological work suggests the presence of certain physicochemical peculiar- 
ities of the ribonucleoproteins of the tigroid of cells of the spiral ganglion of the cochlea as compared 
with tigroid of other nerve cells. 

Therefore, we studied the nucleoproteins of the tigroid of nerve cells of the spiral ganglion, the spi- 
nal ganglia and the spinal cord of the cat, which as in the preceding experiments were treated with 
ammonium citrate for 2-6 hr or 3 days. The findings agreed with the results described for guinea-pigs, 
namely, on treatment of the cells of the spiral ganglion with the decalcifying fluid for 6 hr their tigroid 
was preserved (Fig. 6). Treatment of the same cells with ammonium citrate for 3 days completely destro- 
yed the tigroid (Fig. 7). In the nerve cells of the spine and spinal ganglia of cats as for guinea-pigs, 
the tigroid was found to be more stable than in the cells of the spiral ganglion. Figs. 8 and 9 show 
the nerve cells of the spinal ganglia after 6-hr and 3-day treatment with ammonium citrate. In both 
cases the nucleoprotein of the tigroid was demonstrated on staining by Shabadash’s method. Conse- 
quently, in this case also the tigroid of the spiral ganglion differs from that of other nerve cells in its 
considerably greater solubility in citrate mixtures. 


SUMMARY 


Generalizing the results obtained and taking note of the peculiarities discovered by us in the nucleo- 
proteins of the tigroid of the cells of the spiral ganglion, we consider it desirable to use the following 
fixing and decalcifying mixtures for microscopic study. 

Shabadash’s fixative is suitable for detection of the nucleoproteins of the nerve cells of the spiral 
ganglion followed by decalcification of the modiolus with neutral salts, pH 7-1, for 6 hr or less. An 
appropriate fixative for ultra-violet microscopy, possessing the least inherent absorption, is a mixture 
of 96% alcohol-formalin (9:1) with the same subsequent decalcification or Carnoy’s fluid. Carnoy’s fluid, 
simultaneous with fixation, also partially decalcifies the bony parts of the modiolus. 

The detection by us, when determining the optimum conditions for decalcification, of the greater 
solubility of RNP of the tigroid of cells of the spiral ganglion in citrate mixtures apparently suggests 
that this complex has special physicochemical properties as compared with the tigroid of other nerve 
cells. 

The high sensitivity of the cells of the auditory ganglion to the action of an adequate sound stimulus 
(low tone of 200 c/s with an intensity of 80 dB) has been noted in the work of Hyden [13] and Hyden 
and Hamberger [14]. 

This fact was confirmed by us in a preceding work; furthermore, a great difference in the tigroid 
of the nerve cells of the spiral ganglion was noted as compared with that of other nerve cells of the 
auditory tract [1, 2]. 

It is possible that the high lability of the cell tigroid of the spiral ganglion is connected with the 
peculiarities of its structure and accounts for its adjustment to the action of adequate stimulus. 


REFERENCES 


. ZELIKINA, T.I. and SHUNGSKAYA, V.E., Vospriyatie zvukovykh signalov v_ razlichnykh 
akusticheskikh usloviyakh. (Perception of Sound Signals in Various Acoustic Conditions.) Akad. 
Nauk SSSR Moscow, 1956 

. ZELIKINA, T.I. and SHUNGSKAYA, V. Ye., Trud. nauchn. konf. po problm. “Bor’ba s shu- 
mami i deistviye shuma na organizm”. (Preceedings of the Scientific Conference on the problem 
“Noise Abatement and the Effect of Noise of the Body”.) No. 3, Leningrad, 1958 

. VINNIKOYV, Ia. A. and TITOVA, L.I., Dokl. Akad. Nauk SSSR 116: 5, 1957 

. VINNIKOYV, Ia. A. and TITOVA, L.K., Byull. eksp. biol. med. 44: 10, 1957 








Peculiarities of tigroid of spiral ganglion of cochlea of inner ear 


. VINNIKOV, Ya. A. and TITOVA, L.K., Dokl. Akad. Nauk SSSR 119: 1, 1958 

. ZORZOLI, G., Boll. Soc. ital. Biol. sper. 29: 5, 1953 

. ZORZOLI, G. and BOIRANI, A., Rev. laryngol. otol. rhinol. 79, Nos. 3-4, 1958 

. MIZUKOSHI, O., KONISHI, C. and NAKAMURA, F., Ann. otol. etc. St. Louis 66: 1, 1957 
. SHABADASH, A. L., Dokl. akad. Nauk SSSR 91: 405, 1953 

. SHABADASH, A.L., Dokl. Akad. Nauk SSSR 114: 3, 1957 

. SHABADASH, A.L., Arkh. anat. gistol. embriol. 35: 1 and 4, 1958 

- SHABADASH, A.L., Dokl. Akad. Nauk SSSR 70: 3, 1950 

. HYDEN, H., Symp. Soc. Exp. Biol. 1: 152, 1947 

. HYDEN, H. and HAMBERGER, A., Acta Otolaryngol. Suppl. 61, 1945 





Fic. 1. Nerve cells of the spiral ganglion of the guinea-pig cochlea after 3-day decalcification. Stain- 
ing—methylene blue, x 900. 


Fic. 2. Tigroid of the nerve cells of the spiral ganglion of the guinea-pig cochlea isolated from the bony 
capsule (tigroid not treated with decalcifying fluid). Straining— methylene blue, x 900. 


Fic. 3. Tigroid of the nerve cells of the spiral ganglion of the quinea-pig cochlea after 6-hr decalcifica- 
tion. Staining with methylene blue, x 900. 


Fic. 4. Tigroid of the nerve cells of the guinea-pig spinal ganglion after 6-hr treatment with decalci- 
fying fluid. Staining with methylene blue, x 900. 


Fic. 5. Tigroid of the nerve cells of the guinea-pig spinal ganglion after 3-day treatment with decalci- 
fying fluid. Staining with methylene blue, x 900. 


Fic. 6. Nerve cells of the spiral ganglion of the cat cochlea after 6-hr decalcification. Staining with 
methylene blue, x 900. 
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Fic. 7. Nerve cells of the spiral ganglion of the cat cochlea after 3-day decalcification. Staining with 
methylene blue, x 900. 


Fic. 8. Tigroid of the nerve cells of the cat spinal ganglion after 6-hr treatment with decalcifying 
fluid. Staining with methylene blue, x 900. 


Fic. 9. Tigroid of the nerve cells of the cat spinal ganglion after 3-day treatment with decalcifying 
fluid. Staining with methylene blue, x 900. 
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ULTRA-VIOLET chemiluminscence of biological specimens (mitogenetic rays) has till recently been record- 
ed in the main by biological detectors [1]. The last few years have seen the introduction for recording 
mitogenetic rays of photomultipliers in conditions of intense cooling [2] and photon counters [3] which 
do not require a complicated technique of deep cooling with liquid nitrogen or air and are not sensitive 
to visible or infra-red light. In this work with photon counters the background of the installation was 
quite high owing to the effect of cosmic rays and the ionizing radiation of the surrounding medium. 
Further, the type of photocathode (gold) used did not give sufficient sensitivity to ultra-violet radiation 
of the mitogenetic region of the spectrum. 

In the present work the mitogenetic radiation was recorded by a self-quenched gas photon counter 
with a platinum photocathode sensitive only to ultra-violet quanta in the spectral region 200-300 mu 
[4]. The area of the quartz window of the counter was 1cm?. The background was reduced by shielding 
with a lead-aluminium screen and use of an anti-coincidence circuit with a protective ring of counters. 
The protective ring was made up of 12 STS-6 type tubes arranged like an umbrella over the photon 
counter. The anti-coincidence count was made with a device of the “Yablon” type. To increase the 
reliability of the device the duration of the pulse from the screen counters in the fourth “Yablon” chan- 
nel was increased to several microseconds and the pulses from the photon counter in 1-2 channels 
were kept constant by a delay line (delay of one microsecond) and narrowed to fractions of a micro- 
second. The device had a background for the different types of counters of 5-8 counts per min. Use 
of shielding enabled us to reduce the background of the counter from 50 to 20 counts per min and the 
anti-coincidence circuit lowered the background by a further 12-15 counts. To improve the geometrical 
factor the test objects were placed in the direct vicinity (1-5 mm) of the window of the photon counter. 
Positioning an empty cuvette or a cuvette with nutrient medium or water in place of the object did not 
increase the count rate as compared with the background. The objects screened by paper or thin glass 
also showed a count rate characteristic of the background. As a control we measured the ultra-violet 
radiation of a mixture of oxalic acid and potassium permanganate (two drops of 6 % acid solution in 
3 ml of 0-2 % salt solution). According to the laboratory of A. A. Gurwitsch this mixture gives radiation 
close in intensity to the mitogenetic radiation of yeasts. In our experiments the excess above background 
was about 15 per cent. 

In the assembled apparatus typical biological sources of mitogenetic radiation were counted. The 
classical source of mitogenetic rays is a solid yeast culture [1, 5]. On measurement of radiation of a 
24-hr yeast culture on agar a significant increase in the count rate above the background was observed. 
(Table 1). Radiation of a liquid, intensely-fermenting yeast culture gave an excess above the background 
of 47 + 22 per cent. Taking these findings into account and also the sensitivity of the photocathode 
of the counter, it is possible to make a rough estimation of the intensity of the mitogenetic radiation 
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of the yeast culture of the order of ten thousands of quanta per sec from a square centimetre of the 
surface of the yeasts. 

It was of interest to investigate the contracting frog heart which according to the school of A. G. 
Gurwitsch generates at the moment of contraction quanta of mitogenetic radiation. The count rate from 
the frog heart was higher than the background by 35 per cent. A heart which had ceased to contract 
differed little from the background count rate. The frog skeletal muscle in a state of rest gave no effect. 
However, comminution of the muscle by repeated cutting led to the appearance of radiation (20 per 
cent above background) lasting a long time—about an hour. 


TABLE 1. EMISSION OF YEASTS 





Results of individual measurements at 15 min (counts/min) 


24-hr culture of alcohol 
yeast, strain XII, 





| 


24-hr culture of alcohol yeast, strain XII, in wort-agar 





Exp. No. 2 Exp. No. 3 Exp. No. 4 








16-9 . 5-0 11-0 8-9 
9-0 . 6°6 12-2 6-1 
20-0 . 7-1 11-4 7-1 
10-8 . 5:7 10-7 
9-8 . 69 
9-3 
9-5 
Arithmetic mean + square error 
12:2 + 1-7 | 74401 | 62404 | 113403 
Background* 
8-3 + 0-7 | $2405 | 52402 | 86:404 | 
Excess over background, % 
47 + 22 42+10 | 19+ 8 31+6 16 





* Change in background from experiment to experiment connected with variability of counters. 


It is possible to imagine several theoretically possible physicochemical sources and mechanisms 
of origin of the quanta of ultra-violet light in from the tissues; (1) disturbance during life of unstable 
structures of the protoplasm— groups with a known store of free energy (degradation radiation) [1, 5, 
6]; (2) recombinations of free radicals [1]; (3) emission from the triplet levels of the molecules [7] and 
(4) emission of quanta on exit of the electron from the conduction bands of high polymer molecular 
ensembles [7]. 

Our experimentai findings do not as yet allow preference to be given to any of these mechanisms. 
However, in a number of cases ultra-violet radiation from tissues was evidently of a recombination 
character. It was shown, for example, that the inflorescence of the dandelion Taraxacum officinale and 
the green leaves of a number of plants give clearly recordable radiation only in sunny weather (Table 2). 
Brief (a few seconds) illumination with ultra-violet light from a SVD-120 A lamp with a UFS-1 light 
filter, caused the appearance of ultra-violet radiation (fading within an hour) of a leaf taken in condi- 
tions of overcast skies. Heating of the naturally emitting dandelion inflorescence over water vapour 
did not lead to instant cessation of radiation; radiation died out gradually during 40-60 min. This ap- 
parently tells against the degradation mechanism of radiation or radiations from the triplet levels of 
molecules and conduction bands since in these cases radiation would fade in a few fractions ot a second. 
However, it is quite feasible that the mechanisms of radiation from green leaves and inflorescence after 
illumination or heating differ in principle from those leading to physiological radiation of the protoplasm. 





Ultra-violet chemiluminescence of biological systems 


TABLE 2. STUDY OF INFLORESCENCE OF DANDELION 


‘Results of individual measurements at 15 min (counts/min) 











Cloudy weather 





No leradietion | After ultra-violet 
irradiation 





6:0 6°5 
5-0 6:4 
a 6:1 
4-7 6:2 


et teh hahha tet 
FWNFK OCOUMADUNURWN 
| 


Arithmetical mean + square error 
6°44 + 0-11 | 54+0-9 | 63+0-1 
Background 
5°35 + 0:18 5°35 + 0-18 5:35 + 0-18 
Excess over background, % 
| 20-2 + 3-9 Nil | 17-8 + 3-6 
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COMPARATIVE INVESTIGATION OF THE ABSORPTION 
SPECTRA AND FLUORESCENCE OF THE SERUM 
OF PATIENTS WITH LUNG CANCER AND NORMAL 
INDIVIDUALS* 


A. V. KARYAKIN, M. A. GLADKOVA and M, L. MILAYEVA 
Institute of Chest Surgery, U.S.S.R. Academy of Medical Sciences, Moscow 


(Received 22 September 1960) 


Quite a large number of papers have been concerned with the investigation of the blood and serum in 
malignant neoplasms. A fall in the pH of the blood [1, 2] has been observed and also change in the 
blood composition [1-3] and acceleration of the erythrocyte sedimentation rate [1]. 

The results of a comparative investigation of the absorption spectra of the serum of normal indi- 
viduals and patients with cancer have been reported [4]. Schweizer in six cases found that the shape 
of the absorption curves for the serum in malignant neoplasms changes little, not exceeding the scatter 
of absorption of the serum of normal individuals. According to other investigations, no differences 
are detected in the absorption of serum of patients with cancer and healthy persons. 

Fluorescence of the serum of normal persons and in certain diseases (in the absence of malignant 
neoplasms [5]) has been investigated and indicated change in the colour of fluorescence of the serum 
in relation to storage time. 

We have not found in the literature any publications on a comparative study of the fluorescence 
spectra of serum of patients with cancer and normal persons. 

Cowdry [6] considers that the physical and chemical methods of diagnosis of malignant tumours 
which are based on determination of changes in the blood, may give results only in the case of large 
tumours since if the tumour is small entry into the blood of specific products of its degeneration or 
disappearance of certain substances may pass unnoticed because of the very high dilution of such sub- 
stances in the blood. 

The present investigation was undertaken in order to ascertain and study the spectral characteris- 
tics of the serum of patients with lung cancer and normal persons. 

The blood was taken from the ulnar vein and from the pulmonary veins and arteries during sur- 
gery. After 10-15 min centrifugation at 4000 r.p.m. the serum was separated and ready for examination. 

The absorption spectra of the blood were measured in the 220-400 my range in a SF-4 quartz- 
spectrophotometer using a test layer 0-12 mm thick for which purpose corresponding quartz insertion 
pieces were used. 

The fluorescence spectra of the serum were recorded by a ISP-51 glass spectrograph with a FEP-1 
photoelectric attachment in which a FEUI-17 photomultiplier was used as radiation receiver. 

The source of ultra-violet radiation exciting fluorescence was a SVDSh-250-3 mercury-quartz lamp 
with a UFS-3 glass filter having transmission maximum in the 360 mu region. 

The absorption spectra of serum have two principal maxima: 230 and 280 my (Fig. 1). These 
bands must be assigned by analogy with other proteins: the first (at 230 my), the more intensive, to 
interaction of two unpaired electrons of the amino groups with the carbonyl group; the second (in 
the region 280 mu) to the chromophor groups of aromatic amino acids. It should be noted that the 
absorption of serum has a certain constant value ranging from 320 to 700 muy. 


* Biofizika 6: No. 2, 240-242, 1961. 





Comparative investigation of absorption spectra and fluorescence of serum 269 


Comparison of the absorption spectra of the serum taken form the ulnar vein of normal persons 
and those with lung cancer shows them to be fully identical. However, on taking blood from the pul- 
monary vein of the affected lobe of the lung during surgery the absorption spectrum showed a new 
maximum at 260 my (Fig. 2). This maximum must probably be attributed to the absorption by nucleic 
acids. 
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Fic. 1. Absorption spectrum of serum taken Fic. 2. Absorption spectrum of serum taken 
from ulnar vein. from vein of affected lobe of lung. 


The serum taken from the ulnar vein of normal persons and patients with lung cancer on exci- 
tation by the mercury lines in the region 366 mu had very weak fluorescence. Its spectrum is shown in 
Fig. 3. Here, there is one main maximum with a diffuse peak in the region 507-520 mu. and a secondary 
maximum in the region 465-470 mu. The character of the spectrum and the position of the maxima in 
all cases were identical and no specific difference was noted in the prescence of cancer. 
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Fic. 3. Fluorescence spectrum of serum. Fic. 4. Fluorescence spectrum of serum stained 
Maximum 516 mu. with acridine orange. Maximum 535 mu. 


Similar results were obtained for the secondary fluorescence of the serum using fluorescein, uranin, 
coryphosphine and acridine orange. 

The spectrum of secondary fluorescence of the serum is a curve with one clear maximum, not 
that given by the dissolved dye (for fluorescein 525 my, uranine 530 mu, coriphosphine 525 mu, acri- 
dine orange 535 my) but rather corresponding to adsorbed dye with a shift in the maximum by 5-10 
my to the short wave region of the spectrum. Adsorption of the dye on the protein substances of the 
serum was not so strong as seen on adsorption on lung and oesophageal tissue and filter paper (shift 
in maximum by 15-20 my). An example is given by Fig. 4 for the fluorescence curve of serum stained 
with acridine orange. 
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Consequently, spectral study of the serum of healthy persons and patients with lung cancer indi- 
cates that the absorption spectra and spectra of inherent and secondary fluorescence do not give any 
specific difference when cancer is present in the body. 
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EFFECT OF ULTRA-VIOLET RADIATION ON THE 
EXTRACTION OF CHLOROPHYLL FROM LEAVES BY 
PETROLEUM ETHER* 


S.A . CHERNOMORSKII 
Botanical Institute, U.S.S.R. Academy of Sciences, Leningrad 


(Received 21 April 1960) 


Ir has been shown [1-5] that non-polar solvents extract chlorophyll from leaves exposed to a particular 
physical factor (high temperature, ultra sound). It is also known that ultra-violet radiation is able to 
produce deep physicochemical changes in proteins [6]. 

The present paper describes a study of the extractability of chlorophyll by petroleum ether from 
leaves in which the integrity of the chlorophyll complex is disturbed by ultra-violet. 

A PRK-2 type mercury-quartz lamp produced the ultra-violet radiation. The leaf specimens were 
placed in a quartz tube, 10-15 mm in diameter, filled with petroleum ether (boiling point 60-80°). 
The quartz tube was 15 cm distant from the source and irradiation was for 30 min. The temperature 
within the quartz tube did not exceed 35—40°. In these conditions, experience showed that there were 
no chemical changes in the chlorophyli itself. The integrity of the chlorophyll molecules was checked 
by paper chromatography [7]. 

The irradiated leaves (weight of sample 100-150 mg) were ground down with petroleum ether in 
a porcelain mortar, then the solution was filtered through glass. The presence of chlorophyll was esti- 
mated from the fluorescence of the solution. In the absence of fluorescence no further extraction of 
chlorophyll was attempted. From the material left in the mortar, the chlorophyll was extracted with 
a mixture of alcohol (1 volume) and acetone (3 volumes). The quantitative assay of chlorophyll was 
made’ in a FEK-M photoelectrocolorimeter. 

The leaves of twenty plant species were irradiated. The results are set out in the table. The extract- 
ability of the chlorophyll in the column headed “Test” is the difference in the extractabilities of the 
irradiated and control plants. 


* Biofizika 6: No. 2, 242-243, 1961. 





Effect of ultra-violet radiation on the extraction of chlorophyll from leaves 271 


The table shows that in the majority of the plants investigated (Nos. 1-18) chlorophyll could be 
extracted in petroleum ether after ultra-violet irradiation. Depending on the particular nature and 
physiological state of the plants the extraction rate of chlorophy!l was from 14 to 54 per cent. 


EXTRACTABILITY OF CHLOROPHYLL WITH PETROLEUM ETHER FROM LEAVES IRRADIATED WITH ULTRA 
VIOLET (AS PERCENTAGE OF TOTAL CHLOROPHYLL) 





Specimen ~ | Test 


No. of | 


No. of | 
plant 


Specimen 


Dracaena draco 
Dorstenia contrajerva 
Peperomia tithymaloides 
Phoenix dactylifera 
Pelargonium zonale 
Ligustrum vulgare 
Thuja occidentalis 
Cupressus lusitanica 
Asparagus plumosus 
Clivia nobilis 


| Vitis voinieriana 
Aloe arborescens 
Acer laevigatum 
|\Philodendron corsinianum 
Grinium asiaticum 
Alocasia odora 
Aspidistra elatior 
Heritiera fischeri 
Aucuba japonica 
Ficus elastica 
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It should be noted that only part of the chlorophyll passed into solution; the entire pigment could 
be extracted only by additional polar solvents. 

No chlorophyll was extracted by petroleum ether from the leaves of two plant species (Nos. 19 
and 20). One must here assume either the presence of one form of chlorophyll or the absence of an 
effect of ultra-violet. In the controls, with certain exceptions, it was not found possible to extract chloro- 
phyll in petroleum ether. 

The results are in agreement with the assumed existence of two forms of chlorophyll in the living 
leaf [6, 8-20]. 
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SYNTHETIC POLYMER ISOMORPHOUS TO COLLAGEN* 


N.S. ANDREEVA, V. A. DEBABOV, M. N. MILLIONOVA, V. A. SHIBNEV 
and Yu. N. CHIRGADZE 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


Institute of Organic Chemistry, U.S.S.R. Academy of Sciences, Moscow 


(Received 31 December 1960) 


OveER a number of years, we have been engaged in study of the special configuration of the collagen 
molecule. 

We have shown that a specific collagen spiral is formed in the individual fragments of the chains 
and is due to the aggregations of glycine, proline and hydroxyproline residues. The need for regular 
alternation of these residues in such fragments has been postulated [1]. Therefore, our aim was to syn- 
thesize polymers containing these residues in different sequences in order to obtain a polymer isomor- 
phous to collagen. Since, recently evidence has been forthcoming supporting the glycine-proline-hydro- 
xyproline sequence, our efforts were primarily directed at synthesis of a polymer of this tripeptide. 
The tripeptide was first synthesized in the laboratory of protein chemistry of the Institute of Organic 
Chemistry, U.S.S.R. Academy of Sciences [2]. Now Debabov, Kozarenko and Shibnev have on the 
basis of this tripeptide synthesized a polymer (glycine-proline-hydroxyproline)n, using the tetraethyl- 
pyrophosphite method, with an average molecular weight of 25,000. 

The first X-ray diffraction patterns of the non-orientated polymer were almost completely iden- 
tical with that for collagen. There is a distinct reflexion with d = 2-9 A, typical only of the collagen 
configuration and given by none of the polypeptides synthesized previously. The ring at 11-5 A was 
somewhat weaker than that observed for collagen and of a more diffuse character. 

The infra-red absorption spectra of the polymer in the 4000-500 cm~ region are very similar to the 
spectra of collagen and procollagen. The absorption band of the valence vibrations of the NH group 
has a maximum at 3350 cm-. It may be supposed that the shift in the absorption band of the NH 
valence vibrations of collagen by 30 cm~-! (3330 cm~') as compared with normal proteins (3300 cm~') 
is due to the contribution of the “crystalline regions” similar is structure to the polymer synthesized. 

Thus, radiographically and spectroscopically it has been discovered and confirmed that the polymer 
(glycine-proline-hydroxyproline)n is a polymer the structure of which is isomorphous to that of the 
collagen spiral. Consequently, the polymer (glycine-proline-hydroxyproline)n may be used as a model 
in the study and explanation of the physical and physicochemical properties of the proteins of the 
collagen group. The investigations are continuing. 
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DISCUSSION 
LETTER TO THE EDITORS* 


R. MASON 
Department of Chemical Crystallography, University College, Londont 


(Received 11 October 1960) 


IN a recently published communication [1] on the Faraday Society Discussion on energy transfer and 
its significance in biological systems, Professor Terenin criticized certain statements made by me in a paper 
on the phenomena of charge transfer in biological systems. Terenin’s comments were, in fact, based, 
although this was not mentioned, on contributions by certain speakers in discussion published together 
with my replies. Terenin clearly has not had the opportunity of receiving these remarks and therefore 


his more important critical remarks are discussed below. 

The assertion that the observed covalent attachment of hydrocarbon to protein is inconsistent 
with the proposed mechanism of charge transfer and a “factor” to which I attach no importance, is 
not in accord with the reasoning in my article. The z-complex describing the interaction between hydro- 
carbon and protein must only be a transitional state in the reaction, which ultimately leads to formation 
of a covalent bond between hydrocarbon and protein in the peptide chain. Although it is true that the 
formation of stable complexes of charge transfer is not due to coincidence of the energy levels, it may 
be imagined that any resonance between the electron levels in the complex increases the probability 
of electron conversion to lower unfilled levels in the hydrocarbon. Thus, the coincidence of the energy 
levels is a kinetic criterion peculiar to reasoning in which the z-complex is taken as a transitional state 
in the mechanism of the reaction and it should not be confused with conditions which apply to an equi- 
librium configuration of the complex. 

The criticism of my assumptions on the role of oxygen and nitric oxide in the increase of sensitivity 
to radioactive irradiation in many biological systems would be valid only if the reaction of the excited 
triplet of protein P* determined the rate of the process. If the stage determining the rate is formation 
of the triplet, then the known deactivating influence of oxygen and nitric oxide on the triplet states 
of the aromatic hydrocarbons is of no importance and we need only consider acceleration of formation 
of the triplet state through spinorbital interaction. This implies, in effect, that protein migration in the 
intermolecular hydrogen bonds of protein be fast as compared with the processes of degradation and 
with the rate of triplet formation. 

It is quite true that the position of the energy levels in the complex is arbitrary. This, as I pointed 
out in an earlier paper dealing with certain details of the calculation of energy levels, is an assumption 
confirmed only by the results which follow from acceptance of this assumption. However, in fact, 


* Biofizika 6: No. 2, 245, 1961. 
t Present address, Department of Chemistry, Imperial College, London. 





274 A. N. TERENIN 


coincidence of the first unfilled level of hydrocarbon with the protein valence band is not required. 
Indeed, it is the second unfilled level of dyhrocarbon which can be conceived as resonating level in 
the complex. Hence, the generalization that in the majority of cases “the higher—second or third— 
excitation levels” must coincide with the protein valence band is in partial agremment with my 
conclusions. 

The theoretical model of carcinogenesis taking into account the processes of electron transfer 
served as the basis for experiments relating to the nature of interaction of aromatic hydrocarbons and 
ultra-violet radiation with biological macromolecules. Spectroscopic in vitro investigations of hydro- 
carbon-enzyme systems support the hypothesis of charge transfer: the effect of replacing hydrogen 
by denterium on the radiosensitivity of trypsin and identification of the energy of thermal activation 
during ultra-violet denaturation with certain vibratory energies also support the view that the excited 
triplet states participate in processes of charge transfer in proteins. Further experiments on these lines 
will, in general, be more fruitful for a discussion of the merits of my theory, than criticism based on 
incomplete understanding of the problems of chemical reactivity and other kinetic phenomena. 
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A. N. TERENIN 


Physical Laboratory of the Zhdanov University, Leningrad 


(Received 11 November 1960) 


To get a clear idea of the basic concepts put forward in the theory of Dr. Mason I have had to turn to 
his earlier publication [1] in which the diagram of the energy levels proposed by him is given. My 
comments were sent to the journal “Biofizika” before I knew that similar critical remarks had been 
made by the participants in the discussion and published later [2]. The contentious aspects of the basic 
mechanism proposed by Mason are obvious to specialists with experience of charge transfer and behav- 
iour of the triplet state—which also fall within my field of research. 

The central thesis of Mason’s theory which it would seem happily explains the remarkable selectivity 
of the carcinogenic effect, peculiar only to a definite few hydrocarbons among many of similar structure, 
consists in a precise correspondence (tolerance +0-11 eV) of the high electron vacant level of energy 
of the hydrocarbon to the filled valence band of protein (see Fig. 2 and Table 2 [1]). 

Such coincidence was established by Mason only for carcinogenic hydrocarbons provided that the 
ground level of the hydrocarbon is placed at one height with a filled protein band lower than its valence 
band. From the approximate theoretical calculations of Evans and Gergely the energy interval in pro- 
tein between these two bands is ~3:-2 eV [l]. 

However, such coincidence is to assume that the ionization potential of hydrocarbon J, equals 
3-2 + Ip, where Ip the ionization potential of the protein performing, according to Mason, the function 
of an electron donor. According to the assessment of Mason, Ip equals 8 eV [2]. In such a case, the 
ionization potential J, of a hydrocarbon must have the improbably high value 3-2 + 8 = 11-2 eV. 
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In fact, measurements of the ionization potentials of polycyclic aromatic hydrocarbons in our 
laboratory gave the values of J, as 7-38 for anthracene and 6-88 for tetracene [3]. 

It follows from the numerical values given that the ground level of hydrocarbon must be higher 
than the filled valence band of protein and therefore coincidence of the higher level of hydrocarbon 
with this band is inconceivable. The correct relative disposition of the levels in question was explained 
at the Discussion by Dr. T.B. Birks (see diagram of energy levels in Fig. 2 [2] proposed by Dr. P.F. 
Browne—I do not altogether agree with other details in this diagram). 

Relating the whole problem to kinetic peculiarities and an indefinite transitional state does not 
support the conception of Mason. It is unlikely that the energy of formation of the hydrocarbon-protein 
complex can cover the considerable energy deficit between the ionization potential of the protein and 
the electron affinity of the hydrocarbon reaching ~~ 4 eV. 

I shall not here deal with the other problems mentioned by Dr. Mason since I subscribe to the 
critical remarks of the participants in the Discussion [2]. 

I fully agree with Dr. Mason on one point: the necessity for seeking out processes of charge transfer 
and participation of triplet states in biological systems. I await with great interest his decisive experiments 
mentioned in the letter. 
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TWO PROBLEMS IN PLANT BIOPHYSICS? 


V. I. ARABADZHI 
Gor’kii State Pedagogical Institute, Minsk 
(Received 14 November 1959) 


ACOUSTICS OF TREES 


EXCITATION of acoustic vibrations when an air stream-encounters a tree top chiefly comes about through 
vortex formation on the branches and through the striking of the leaves against one another and against 
the tree branches. The problem of excitation of vortex sound was first investigated by Strukhal [1] who 
showed that the wind blowing normally to a taut wire produces a sound even if the taut wire itself 
does not take part in the vibrations. The frequency of the sound thereby excited does not depend on the 
material, length and tension of the wire and is expressed by the formula: 


v 
= const —, (1) 
d 


where v is the velocity of the wind, d, the diameter of the wire and v the frequency of sound. This formula 
is also quite appropriate in explaining the excitation of vortex sound on swirling of an air stream around 
the branches of trees. Since formula (1) is derived from dimensional analysis, it is of interest to determine 
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the numerical value of the constant in it. Assuming that on vortex formation close to the wire, resonance 
vibrations of different frequencies appear and we apply to this case the known formula for the frequency 
of resonance vibrations: 


camel = 
a 2x V m* 4 


Along the length of the wire are arranged a series of vortex zones. Confining ourselves to the limits 
of one zone the width of which will be roughly equal to the diameter of the wire, we shall determine 
the values m and k. 


Fig. 1 shows that the mass of the volume of the vortex zone behind the wire will be: 


od*h nd°o 
2 8 
or approximately, 
od*h 
m= = * (4) 


5 


a 


Assuming that the expenditure of energy on vortex formation occurs along the external boundaries 
of the vortex zone, for the value k we obtain 


ov? h 


> 
2 COS a 


(5) 


hence for the frequency of the vortex sound we would have: 


l v 6) 

Yann ees ‘= 

2 Y cos « d 
In formula (6) cos « characterizes the small dependence of the frequency of the vortex sound ob- 
served in experiments on the size of the vortex zone. With an increase in the velocity of the stream, 
the size of the vortex zone contracts with an increase in the angle « and within the limits of the minor 
change in the vortex zone observed in the experiments the frequency of the vortex sound changes. 
Determination of the constant in formula (1) from expression (6) gives quite good agreement with 

experimental results. 





h 
a 











Fic 1. 


The vibratory motions of the leaves of trees can derive from pre-existing turbulence in the air stream 
blowing on them, from vortices breaking away from the leaves and located in front of the given leaf 
(vibrations of the “bufferting” type) and from bending-torsion deformations of the leaves excited 
by the inflowing stream [2] (vibrations of the “flutter” type). However, fluctuations in sound frequency 
will appear only if the above indicated factors ensure that the leaves strike each other or the branches 
of the tree. Since the turbulent motion tends to pass from large to small scale pulsations [3] on passage 
of an air current considerable dissipation of the turbulent energy will occur in thick tree tops. 

It is possible to indicate the approximate kinematic boundary of origin of vortex formation in an 


du : : 
air stream on the basis of the following considerations. Let 2r - be the increase in velocity on pas- 
r 
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sage from a layer with a velocity u to a layer 2r away from it. Then clearly, the vortex formation in the 
stream will be possible if the inequality 


is fulfilled. 

Here r, will serve as the radius of the region occupied by the vortex motion. Formula (7) can be 
useful in estimating the conditions of vortex formation in an air stream flowing close to the leaves in 
the thick tree tops where the presence of considerable velocity gradients will greatly contribute to the 
development of vertices. G. S. Gorelik in his time expressed the important opinion that turbulent motion 
can be conceived as a process of auto-vibrations in a continuous medium. From this standpoint one 
might consider the transition from laminar to turbulent flow as a transition from vibrations or pulsa- 
tions with one degree of freedom (along the stream) to vibrations or pulsations with three degrees of 
freedom (along and across the stream). The kinematic relation (7) might serve as the approximate 
boundary. 

It the air stream were completely laminar and steady, then the tree branches in it would not per- 
form vibrations. Depending on the velocity of the stream, they would only deviate by a definite angle 
in the direction of the motion. Such a picture can be observed on deviation of natural algae in rivers. 
However, the pulsating air stream acting on the tree excites in it at first bending and then for more 


z 








Fic 2. 


considerable energy, torsional vibrations. Part of the energy of the stream is expended on the excitation 
of the torsional vibrations and this protects the tree from breaking when intense bending vibrations 
develop. We also encounter such a phenomenon in the human auditory apparatus when for high levels 
of sound the stapes in order to protect the organ of hearing from damage, expends part of the sound 
energy coming into it in performing torsional vibrations. In view of the fact that under the influence 
of the inflowing air stream the tree branches can perform not only bending but also torsional vibra- 
tions, the tree can introduce appreciable changes in the degree of turbulence of the stream. As appro- 
ximate assessment of these changes we can use the relation 


x/y = Ytan a/cot « (8) 


derivation of which is clear from Fig. 2. Here y and x are the mean values of the deviations of the tree 
branches along and perpendicular to the stream respectively and « the angle characterizing these devia- 
tions. From the vibrations of the tree branches, we may form a relative idea of the degree of turbulence 
of the stream since the more strongly developed the transverse vibrations of the branches, the more 
turbulent will be the stream [4]. 
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We would note that the inflowing air stream may acquire turbulence before encounter with the 
tree and then the transverse vibrations of the tree branches will be responsible for the rise in its turbu- 
lence. The source of the powerful infrasounds will be precisely those trees the branches of which perform 
under the influence of the inflowing stream quite intensive bending and torsional vibrations simul- 


taneously. 


GREEN COLOURING OF PLANTS 


In his time Timiryazev [5] quite rightly contended that plants during their long evolution and nat- 
ural selection adjusted themselves to the most effective use of the solar radiation impinging on them. 
What is the expression of the adjustment of plants to the most effective use of solar radiation? 

It is known that within the direct solar radiation on land the maximum energy of radiation changes, 
its position depending on the height of the sun in the sky and, on average is accounted for by the yellow- 
orange part of the spectrum; the green colour of vegetation can be explained only by the fact that from 
the incident solar radiation, plants absorb the red and blue-violet rays quite energetically and there- 
fore from the laws of optical removal of colours, reflect the green rays. In this connexion it is impos- 
sible to agree with the hitherto widely held view first put forward by Timiryazev [5] that plants adjusted 
themselves to the most effective use of direct solar radiation. Special investigations have established 
[6] that about 90 per cent of the light energy absorbed by plants is not utilized for photosynthesis (pas- 
ses into heat of is expended on process of transpiration). The total sum of this energy includes ultra- 
violet and infra-red radiation. Since in direct solar radiation the invisible radiations account for 40 
per cent and in scattered radiation 20 per cent, it must be concluded that to raise the efficiency of photo- 
synthesis plants would have had to adjust themselves to the use not of direct but of scattered solar 
radiation. And in fact, from the work of geophysicists it is known [7] that in a cloudless sky the max- 
imum scattered solar radiation is the blue-violet part of the spectrum, in a dull sky it is the red. In 
view of the fact that plants perform their vital cycle both in a dull and clear sky, they have adjusted 
themselves to absorption of red and blue-violet rays having the greatest energy in the spectrum of the 
scattered solar radiation; this in the long run provides them with green coloring. The effect of direct 
solar radiation on the colour of vegetation can be responsible only for effects of a second order. It 
should be noted that we have in the human eye similar adjustment to the perception of solar light 
scattered by the atmosphere—rod and cone apparatus. 

We consider that the colour of the vegetation on Mars could be judged by knowing the distribution 
in wavelengths of the intensity of the solar light scattered by the atmosphere of Mars. Since the atmos- 
phere of Mars has a somewhat different composition from that of the earth, and remembering that 
clouds and fog are rarely formed there, it may be supposed that the colour of vegetation on Mars in 
principle must differ from that on earth. 
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1. While the basic properties of the electroretinogram (e.r.g.), its dependence on the character of the 
light stimulus and functional state of the retina have been thoroughly studied (especially in the last 
40 years), the problem of the nature and mechanism of the origin of the electrical phenomena of the 
retina is still a long way from being solved. The origin of the electroretinogram and its functional réle 
figure among the most difficult problems in biophysics in general and the theory of visual processes 
in particular. 

A number of physiologists working in the field of electroretinography have suggested that the 
e.r.g. Should be considered as the resultant of several more elementary electrical processes developing 
in the various retinal structures. Over a short time, a number of diverse schemes for the composition 
of electroretinograms have been suggested. The one to receive most support is that of Granit, this 
interprets the electroretinogram of vertebrates as the result of summating three components; RI, RII 
and RIII differently expressed in animals in different functional states. According to Granit, these 
components may even separately appear [1]. Thus, after treatment of the retina with potasium chloride 
there remains, it is said, only the negative component RIII, and the two others vanish. It is not difficult 
from detailed scrutiny of this theory to see that it based on the implausible theoretical postulates of 
Granit, despite his excellent experimental research in the field of electroretinography. 

As early as 1949-50 we published papers in which Granit’s theory was critized [2]. We then pointed 
out that the electroretinogram, as with any other curve, can be resolved into its components by an 
infinite number of methods each of which could explain the origin of the characteristic form of the 
action potentials of the retina. Therefore, the problem arises as to how far Granit’s conception rightly 
reflects the heart of the matter, in other words, are the proposed components RI, RII and RIII consti- 
tuting the electroretinogram real? We believe that matters here are far from as clear-cut as Granit 
himself supposes. 

The main evidence adduced by Granit in support of his conception is based on the changes in the 
electroretinogram after the action of a number of chemical factors. As a result of such specific factors, 
in his view, one or two of the three main components may remain in the e.r.g. But it is precisely this point, 
it seems to us, which is the weakest link in his theory. Indeed, the changes observed in the electrical 
response of the retina can be interpreted not as the consequence of exclusion of the components, but 
as the result of disturbance in the normal course of processes which develop in the retina in response to 
application of light and this as such affects the size and shape of the electroretinogram. 

If one takes Granit’s point of view on the existence of e.r.g. components, serious difficulties arise 
in explaining many experimental facts such as the following. Greed and Granit [3] established that 
using ether or asphyxia there remained in the e.r.g. only the RIII component which did not give a reac- 
tion to flickers. However, Muller-Limmroth [4] has demonstrated the opposite; the RIII component 
separated out by means of urea reacted to a light flash. In seeking to resolve this contradiction, Granit 
writes: “In fact, is there here complete absence of RII and in such a case do not the different methods 
of removing: RII exert a different effect on the RIII depending on how they act on the nearest neutral 
layer” [5]. In fact, it seems in our view, to be a question not of removal of RII, but of serious changes 
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in the biochemical and biophysical processes in the retina as a result of the effect of ether, asphyxia 
or urea which produce different after-effects in the functioning of the photoreceptors. 

2. Insofar as the retina of vertebrates is a very complex nerve formation the question arises as to the 
site of origin of the e.r.g. and the réle of the individual structures of the retina in the generation of the 
electrical changes. There are a number of procedures suitable for experimental solution of this problem; 
intraretinal recording of the potentials, use of the findings of comparative physiological investigations, 
etc. However, observations 1n clinical electroretinography are also worthy of serious attention. 

We have established [6] that in cases of pigment degeneration of the retina complete absence of 
the e.r.g. is noted while on impairment of central vision (maculitis) the electrical response ot the retina 
is maintained although in modified form. These results indicate that the rod system of the mixed retina 
makes an essential contribution to the generation of the e.r.g. This has been confirmed by many other 
investigators. On the other hand, also noteworthy are the results ot clinical electroretinography which 
suggest that in atrophies of the optic nerve the electrical response of the retina is preserved. This proves 
that the ganglion cells and fibres of the optic nerve are not involved in the origin of the e.r.g. (we would 
note here that the problem of the réle of the ganglion cells in the mechanism of generation of e.r.g. is 
a much more complicated one and will be mentioned later). The results of clinical electroretinography 
while not giving an exhaustive answer to the problem of the origin of the e.r.g. indicate the important 
rdle or the photroeceptors and exclude the réle of the ganglion cells. An important feature is that these 
results are in complete agreement with the findings of experimental electroretinography. 

Intraretinal recording of the e.r.g. has led in recent years to highly divergent results. Whereas some 
workers claim that the photoreceptor elements of the retina are responsible for the origin of the e.r.g. 
[5] others challenge this claim arguing that the bipoiar, horizontal cells and other elements are the 
source of e.r.g. [4, 7]. We must in this connexion regard the results of Svaetichin’s investigations as 
the most valuable, he devised the technique of ultramicroelectrodes for studying the electrical prop- 
erties of the individual cones. An important factor here is that the electrical phenomena in the individ- 
ual optic cells are simple in form approximating to the electroretinograms of invertebrates. It is prob- 
able that it is precisely they which reflect the photochemical reaction which develops in the light recep- 
tor. 

The problem of the scotopic and photopic e.r.g. is also extremely involved and complex. On the 
one hand, we have Svaetichin’s results [8] on the different polarity of the electrical responses of the 
rods and cones, and on the other, the total electroretinograms ot the rod and cone retinas often turn 
out to be the same in form, differing only in intensity and time of development. Finally, it is hard to 
agree with the statements of a number of workers that the a wave of the e.r.g. belongs to the cones 
and the 5 wave to the rods. I am obliged to refer here again to our clinical observations showing that 
the e.r.g. induced by a blinding flash of light and consisting principally of the a wave, is nevertheless 
completely absent in cases of pigment degeneration of the retina while persisting in maculites. From 
all these investigations and also other published findings we conclude that the entire complex of the 
e.r.g. Waves can arise both in the cones and rods. 

3. As for the intricate mechanism of origin of the individual e.r.g. waves, we cannot be satisfied with 
the conception of Granit relating their origin to hypothetical components. This conception no longer 
matches the latest level of knowledge in the fields of the physiology, biochemistry and biophysics of 
the retina. The theory of the e.r.g. can be and must be formulated only with reference to the basic bio- 
physical and biochemical processes in the retina. 

We believe that the action of light on the periphery of the visual analyser must be considered as 
biphasic [9]. In the first phase a peculiar “primary impact” of photons on the light-sensitive molecules 
of the receptors occurs with their conversion into an energetically advantageous state. This can be 
either resolution (photolysis into ions) or transfer of a certain fraction of the molecules into long-lived 
metastable states. In both cases products are formed which are highly effective in the chemical sense. 
These two possible processes can be expressed in the following manner: 


A+h>A* +4i (1) 


1 


A+ hv > A* > A-, 
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where A is the molecule of the light-sensitive substance; A* the molecule which has absorbed the photon; 
A~ the molecule which has passed into the metastable state; A;* and A,~ the molecular ions and hy 
the photon. 

If the action of the light is brief, the process may be confined to this but if its action continues, 
the second phase is initiated. During the second phase, the active products formed enter into a 
chain of enzymo-chemical processes bringing into the reaction the substances of the light-sensitive 
cell. If the action of light continues for a long time, then in each cell a concentration of the photorea- 
gent material is set up corresponding to the new conditions of illumination. We assume that the pro- 
cesses which occur during the first phase of the action of light lie at the root of the origin of the fast 
a waves and the initial stage of the b wave of the e.r.g. The development of further enzymo-chemical 
reactions and setting up of a new concentration of light-sensitive material underlies the slow c wave 
of the e.r.g. 

Sudden cessation of illumination immediately upsets the dynamic balance established in each 
light sensitive cell between the decaying molecules and those being restored (restoration of the mole- 
cules destroyed through light comes about by recombination of ions and also through the entry into 
the cell of the basic restorative —vitamin A). However, it seems to us that in the photochemical reaction 
and the balance established a by no means neglible réle is also played by an inhibitory mechanism which 
by a physiochemical! means, as yet unknown to us, limits the decay of the light-sensitive material in 
conditions of high intensities acting on the eye. Therefore, sudden withdrawal of illumination produces 
conditions for attenuation of the “chain” effect of this inhibitory mechanism. Some of the light-sensi- 
tive molecules undergo decay and this produces rise in electrical negativity in the form of the d wave. 

Our view on the leading réle of metabolic-photochemical processes in the formation of the e.r.g. 
is supported by a whole aumber of experimental findings (coincidence of the spectral distribution of 
the e.r.g. with the absorption spectra of the pigments of the eye, rise in the intensi:y of the reaction 
during dark adaptation and its decrease in light adaptation, the presence of a temperature coefficient 
of the e.r.g. characteristic of photochemical processes complicated by metabolic and a number of other 
processes). 

In joint observations with Maslov [10] we estimated the impedance of the retina in the dark and 
light. It was found that if we represent, in line with the method employed in electrical engineering, 
the graph relating the so-called loss angle to the frequency of the current used, then the maximum 
loss is detected in the 20-50 kc/s region. In passing, this is also the region characteristic of smooth 
muscle. In our experimental conditions (sensitivity of the system was 0-1 per cent) on illumination there 
was a small reduction in the resistance of the retina measured at a trequency of 10 kc/s; although these 
changes did not exceed 2-4 Q, they can be related to the photochemica! process in the receptor layer, 
formation of free ions and increase in conductivity. 

If the metabolic-photochemical reaction forms the basis of ihe origin ot the e.r.g. then we can 
probably assign to it further electrical changes in other elements of the retina. As a result the curve 
of change in the electrical potential of the retina acquires a more complex form than that of the indi- 
vidual cones or the receptor layer of some eyes of invertebrates. It is interesting to note that recently 
Svaetichin, in collaboration with Fernandez-Moran and Ionasson [11], discovered in the isolated 
elements oi the eye of Erebus (containing only the crystalline lens and pigment elements) wide com- 
ponents of the electroretinogram which were called “electropigmentogram”. 

The latest findings in electron microscopy of the retina point to a layered structure of the photo- 
receptors. According to the model of Vol’kin, monomolecular layers of the pigment are to be found 
between the layers of lipo and aqueous protein. These monomolecular layers adsorbed on the lipoprotein 
surfaces are probably the scene of the photochemical reactions leading to formation of electrical changes. 
The reported exceptionally high absolute sensitivity of the retina [12, 13] and also the statement by 
Janil [11] that the e.r.g. may appear on absorption by the retina of even one quantum, strongly suggest 
the chain nature of the primary photochemical process in the receptor. With regard to the particular 
ions released during metabolic-photochemical reactions in the receptors and which serve as the basis 
for the biolectric potentials, they may be the SH groups of the light-sensitive pigments. Our assumption 
[14] was experimentally demonstrated by Wald [15] in amperometric determinations of the release of 
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SH groups in a solution of rhodopsin on illumination. The release of SH groups in retinal homogen- 
ates was recently shown also in our laboratory by the method of amperometric titration. 

4. Although the electrical reaction of the retina develops in the isolated retina, it nevertheless 
depends on the regulatory influences of the nervous system. This has been seen, for example, in the 
interesting experiments of Autrum [16] who demonstrated the influence of the optic ganglion on the 
e.t.g. in insects, in our investigations on the influence of the sympathetic nerve on the e.r.g. of the retina 
of vertebrates (Demirchoglyan and S. M. Sverdlov), in our investigations on clinical electroretinography 
establishing changes in the e.r.g. with disturbances in the central nervous system [17], in the work of 
Vanysek [18] on changes in the e.r.g. during suggestion and finally in the work of our laboratory demon- 
strating the possibility of conditioned reflex changes in the rabbit electroretinogram [19]. Conditioned 
reflex control of the e.r.g. makes this bioelectrical reaction even more complex; on the one hand, it 
is conditioned and intimately linked to the light energy falling on to the eye, and on the other, subor- 
dinated to reflex influences and depending on the general state of the body. 
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RASHEVSKY, N., Mathematical Biophysics: Physico-Mathematical foundations 
of Biology. Vol. 1: XXVI + 488 pp. 97 illustrations, Vol. 2: XII + 462 pp. 139 il- 
lustrations. Dover Publ., New York, 1960 


IN 1960 the third edition of the book by Rashevsky “Mathematical Biophysics: Physico-Mathematical 
Foundations of Biology” appeared. Since the first edition in 1938 and the second in 1948 the book has 
been considerably supplemented with new material and its present size is such as to necessitate division 
into two volumes. 

The growth of biological knowledge, the move from a qualitative description of phenomena to 
a strict quantitative analysis of the processes in living systems at different levels of organization, and the 
endeavour to design theoretical models on the basis of physical and chemical laws have inevitably 
resulted in the need for mathematical methods to be used widely in the solution of purely biological 
problems. Chronologically the first stage of using mathematical tools in this direction was the application 
of the statistical analysis of variations to many boloigical phenomena of a stochastic character. The 
essential elements of analysis in this case were; evaluation of the significance of the empirical data obtain- 
ed, the charactertistic of the variability of the particular properties of living systems and the corelative 
connexion of the individual signs. Mathematical methods were here purely of an auxiliary character 
and biologists applying them and making use of ready-made equations often do not have a sufficiently 
clear idea of the mathematical laws on which the particular method of analysis is based. 

The second stage in the penetration of mathematics into biology which then started required from 
biologists deeper mathematical knowledge to open up new possibilities in understanding biological 
phenomena. This stage was characterized by the limited use in biology of the methods of mathematical 
logic and mathematical modelling of particular biological processes. In large measure the founders of 
this approach are A. Lotk and B. Walter. 

Mathematical modelling of biological patterns is in turn divided into two main trends. In the 
first the production of mathematical models enables one to solve specific biological problems not 
amenable to analysis by other “purely biological methods”. Often these problems are of practical 
importance and this stimulates the successful development of appropriate research. As examples we 
can point to the wide use of mathematical models in medicine and agronomy, and to the solution of 
problems arising in the professional exploitation of animal populations. 

In the second the production of mathematical models serves other purposes. Here modelling takes 
on the importance of a fundamental method apprehending the inner essence of biological phenomena, 
the organic link of their individual elements and disclosure of elementary processes frequently of a 
physical or chemical nature on which the given phenomenon is based. In other words, this trend lays 
good claim to the elaboration of a mathematical theory of biological phenomena. 

Professor N. Rashevsky, the founder and director of the Committee of Mathematical Biology at 
Chicago University and editor of the journal “Bulletin of Mathematical Biophysics” belongs to the 
category of investigators of the latter school and in fact leads it. Succinctly the scientific creed of N. 
Rashevsky may be defined as follows-phenomenological analysis in theoretical biology:must be replaced 
by physical analysis implying by this, use of the basic elementary values and laws. 

The contents of the book under review are made up of separate chapter-essays on various. aspects 
of mathematical biology. These essays, as a rule, are important in their own right and the consecutive 
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chapters are not necessary directly linked. Rather, the link between them is of a logical character and 
where they come in the book is determined by their relevance to the particular biological problem. 

There are 74 such chapters in the book; 38 in the first and 36 in the second volume. Each volume 
is divided into two parts. 

A short introduction, in which the author in condensed form describes the principles of biomathe- 
matical analysis, which he considers most progressive, is followed by the chapters of the first part under 
the heading: “Mathematical Biophysics of Cells and Cell Aggregrations”. After the first essay devoted 
to examination from the biological standpoint of the basic diffusion equation come several chapters 
giving an analysis of certain processes in relation to the spherical form of the cell; constants of rate 
of reactions, in particular constant of absorption of oxygen as a special case of the rate of consumption 
of a substance at low external concentrations; patterns of production or absorption of a substance 
occurring at a rate proportional to its concentration. A description is also given of cases of coupled 
chemical reactions in the cell, an instance being cell respiration. 

The author then analyses the more general case of periodicity in metabolic systems, considers the 
mechanical forces of diffusion fields and formulates a kinetic theory of diffusion forces. With this goes 
a description of the processes of interaction of diffusing substances, the mechanical energy of the rela- 
tions in metabolic systems as a factor determining the possibility of their spontaneous divisions and 
the condition ensuring the mechanical stability of metabolic systems. Succeeding chapters carry forward 
the analysis of cell division and other cell processes with description of the application of the approx- 
imate method to the theory of cell division and a discussion of various factors determining the proces- 
ses of increase in cell length and its division; elastic stresses, periodic changes in osmotic pressure and 
others. Some proposals are briefly outlined for the construction of a physico-mathematical theory of 
mitoses and a molecular theory of cell division. 

Then come chapters devoted to cell forms and cell movement, to the dynamics of artificially deform- 
ed cells and to cell growth and also a description of non-linear diffusion. In two essays the physico- 
mathematical approach to the problem of cancer and some probability aspects of this problem are 
outlined. The last chapters of this part outline an approach from the standpoint of mathematical bio- 
physics to biological self-regulation and cell polarity, give mathematical models of certain patterns of 
organic forms and present some ideas on mathematical molecular biophysics. 

The second part of the first volume is devoted to the mathematical biophysics of excitation and 
conduction in peripheral nerves. This part opens with some general notions on irritability. Then the 
theories of Blair, Rashevsky and Hill are in turn formulated and analysed. Special consideration is given 
to the problem of fluctuations in threshold values and response times in nerve fibres. A number of 
essays are devoted to nerve conduction; mathematical biophysics of the process, theory of conduction, 
based in turn on the two-factor theory of excitation and, finally, possible physical mechanism of excit- 
ation 

The second volume opens with a part entitled “Mathematical Biophysics of the Central Nervous 
System”. A general review of this field is followed by examination of problems of excitation and inhibi- 
tion in the central nervous system and the mathematical biophysics of certain simple nerve structures 
in relation to the analysis of the duration of the reactions and delimitation of their intensity. A number 
of chapters are devoted to the mathematical biophysics of psychophysical processes; their differentia- 
tions, the phenomenon of hysteresis in physicochemical systems, neurological cases of hysteresis and 
others. In a special section the mathematical biophysics of conditioned reflexes is discussed. 

Then, in the second volume follow chapters on the mathematical biophysics of problems of per- 
ception of an image, colour vision and the phenomenon of blinking. The author also treats from the 
mathematical biophysical standpoint delayed reflexes with respect to the theory of elimination of er- 
rors and application of the points outlined above to the problem of rational training and thinking. 
An analysis is made of perception of visual images and problems of visual aesthetics, and also essays 
on mathematical biophysics of abstractions and certain other thought processes. This part ends with 
an analysis of nerve networks, in particular with application of Bull’s methods of symbolic logic. 

The last part of the book by N. Rashevsky includes chapters on general mathematical principles 
of biology. This part opens with the essay “New Mathematical Approach to General Biology”. Then 





Review 285 


follow essays on plant forms, movements and form of snakes and certain quadrupeds, flight of birds 
and insects. The internal structure of animals and the relations between the planes of their organization 
are discussed from the standpoint of biomathematics, and also graphic constructions in relation to 
organisms. A comparison is made between the system-theoretical and the combinatory approaches to 
organic structures etc. 

The final chapters of the book are: “Geometrization of Biology” and “The Organic World as a 
Whole”. At the end of the book a subject-author index is provided. 

Even with such a fleeting and laconic outline of the contents of the book it is clear that its author 
has touched on an extensive range of biomathematical problems. This far-ranging treatment results in a 
highly condensed outline of the individual problems and may not satisfy readers desirous of acquiring 
a fuller knowledge of particular and sometimes highly complex ideas and methods of biomathematical 
analysis. The book is not a text-book nor even a resumé. Rather it is a succession of short monographs. 
This character of the book had left its mark also on the choice of problems for analysis. To a large 
extent these are problems which have been studied by the author in the form of separate papers published 
in various journals. Therefore many trends in modern biomathematics are not reflected in the book. 

N. Rashevsky in outlining any problem by no means always presents factual proof. Analysis of 
empirical biological material takes a subordinate place and is given only as separate illustrations. The 
mathematical models of biological phenomena devised by the author are of a very general, sometimes 
unduly abstract character and the path to the concrete application of these models is long and complex. 
In this lies the strong and weak sides of the book which is rich in ideas but requires a great deal of 
thorough work for their application in biology. 

It is quite possible that not all the theoretical constructions of N. Rashevsky will be further devel- 
oped when they meet factual material. But this is not a fault of the book since it calls for numerous 
concrete investigations and a study of problems new in principle to biologists of different alignments. 

The views of the author bear the imprint of professional mechanism (sic). The Soviet reader will 
undoubtedly overcome these tendencies receiving in exchange rich food for thought and concrete work. 

The uniqueness of the book and wealth of ideas it contains makes one hope that it will be trans- 


lated and published in Russian. It cannot be doubted that the great work of N. Rashevsky will find a 
lively response among Soviet biologists and be the impetus for the unfolding of wide and fruitful research 
in various fields of biology. 


V. S. IVLEV 
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1. MOLECULAR BIOLOGY 


THE realm of natural science termed molecular biology is of recent origin. Of course, 
any organism consists of molecules. Over many years biochemistry and organic chemis- 
try have been concerned with the structure and properties of these molecules and major 
advances have been made by establishing in particular the modes of synthesis of the 
most complex substances with biological function. However, in principle, there is no 
difference between synthesis, let us say, of androsterone and of urea, carried out in 1828. 
Until the problem of the link between the structure of biologically-active substances 
and the nature of the basic phenomena of life was formulated biochemistry remained 
merely the chemistry of substances contained in organisms. Now such a problem has 
been given a basis and paths towards its solution are being charted. 


Molecular biology is the science of the molecular-physical and chemical essence of 


biological processes, in particular, processes determining heredity and variation, onto- 


genesis and phylogenesis. 

The subject of molecular biology is the investigation both of the individual organ- 
ism and its parts and the biological world as a whole. The emergence of molecular 
biology was determined primarily by the development of biological science itself, in 
particular, genetics and cytology. Molecular biology is a new field in both biology and 
physics. Aspects of the structure and properties of biological substances are distinctive; 
physics encounters here new specific laws, the investigation of which enriches natural 
science as a whole. 

The basic vital processes are determined by the phenomena of autoreproduction 
of biological structures in the form of nonvariant reduplication (see for example [1)). 
These phenomena can and must be investigated along two complementary lines. On 
the one hand, from the cybernetic angle the problem consists in finding the general 
principles of regulation of biological processes, the principles of transmission of hered- 
itary information, etc. [2, 3]. This aspect has been the subject of widely known work 
devoted to coding in the nucleic acid—protein system [4]. This work, which has not 
been entirely successful, has played an important réle in elucidating the problem. On 
the other hand, molecular-biological problems connected with autoreproduction are 
investigated by methods of molecular physics, elucidating the concrete nature of the 


* Biofizika 6: No. 3. 257-264, 1961. 
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phenomenon at molecular and supramolecular levels. The diversity, specificity and 
biological functional of supramolecular structures determine the main difficulties in 
investigations; here we encounter a fundamental difference in the substances of living 
and non-living things. 

The main biological substances are macromolecular. This is a fundamental point 
since only macromolecules can be highly individualized and ensure the unity of chem- 
istry and mechanical movement necessary for life and the diversity of molecular and 
supramolecular structures. Only macromolecules can store the rich hereditary infor- 
mation and retain it in conditions of thermal motion [5]. The process of autoreproduc- 
tion itself, in the form in which it is realized by Nature, is possible only for macro- 
molecules. Molecular biophysics is above all macromolecular biophysics. 

The purpose of the present work is to formulate certain general principles of molec- 
ular biology and molecular biophysics. 


2. NATURE OF THE PROCESSES OF ORDER AND DISORDER 

The process of autoreproduction of a biological structure is a process of order, thus, 
in the phenomenon of mitosis from the original cell and the disordered low molecular 
material entering the cell, two cells originate. In other words, the disordered material 
is converted into macromolecules with a strictly definite sequence of the monomer 
links. Decrease of entropy must be considered as a quantitative measure of order. The 
entropy of the organism or its individual functional part is always less than the entropy 
of substances from which this organism or part originated. In this, as is known, there 
is no contradiction with the second principle of thermodynamics applied to a closed 
system [6]. If the organism and substances necessary for its nutrition and respiration 
are cut off from the ambient medium, then the total entropy of such a system will 
increase: the decline in entropy of the organism is offset by increase in the products 
excreted. 

The thermodynamics of biopolymer synthesis at the molecular level also is, of 
course, in also agreement with the second principle. If synthesis of proteins and nucleic 
acids occurs as a purely polymerization process, then incorporation of the monomer 
into the polymer chain would imply reduction in its entropy, be it no more than through 
a lowering of the concentration of the monomers in dilute solution and loss of the 
degrees of freedom of reciprocating and rotatory motion. However, a lowering of en- 
tropy in definite conditions can be compensated by a decrease in the internal energy 
so that the free energy of the whole falls. In reality, as is known, synthesis of proteins 
and nucleic acids occurs not as polymerization but as polycondensation processes; 
when the monomers are joined in the polymer chain an equi-molecular amount of low- 
molecular substances possesing greater entropy than the free monomers is released. 

The autoreproduction synthesis of biopolymers thus signifies a radical change in 
the structure and symmetry of the system. This is a process similar to charge of phase. 
Analogies between biosynthesis and crystallization have long figured in the literature 
(for example, [7]). Crystallization of a liquid occurs on lowering the temperature, i.e. 
as a result of elimination of heat, in other words, the lowering of entropy of the sub- 
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stance to be crystallized through lowering its internal energy by increasing the entropy 
of the refrigerator. It is clear that crystallization is a phase transition of the first type 
and is a process of order. The condition for the transition is equality of the thermo- 
dynamic potentials of the fluid and crystal. 

Purely thermodynamic analysis does not however, explain the mechanism of phase 
transition. Phase transition denotes a break appearing at a certain temperature in the 
values of the thermodynamic magnitudes. According to statistical mechanics, thermo- 
dynamic values can be expressed by derivatives of the statistical sum, Z, with respect 
to temperature: 


E; 
"7 onan 
Z= Sige kT (1) 


For the ensemble consisting of a finite number of elements, Z is differentiated with 
respect to T any number of times and since the Bolzman factor exp (-E/kT) changes 
smoothly with 7 there will be no singularities or discontinuities of the thermodynamic 
functions whatever the temperature. The necessary condition for transition is an in- 
finite (in practice very large) number of elements in the ensemble and the presence of 
interaction between these elements. The series expressing Z or any of the derivatives 
of Z with respect to T may turn out to be divergent for given 7. The réle and char- 
acter of the interaction of the elements of the set are illustrated by Van der Waals 
equation: 


(P+ _ (u—b) = RT (2) 
v 


The attraction of the molecules of a real gas for each other depends on the volume » 
and its réle increases with a decrease in volume. The gas is transformed into a liquid 
as the result of a cooperative process, the result of the interaction of the molecules. 
The changes of state may be understood on the basis of consideration not only of the 
properties of individual atoms and molecules but merely by considering their inter- 
action, which depends on the state of the system [8]. This is the essence of the cooper- 
ative process. It is obvious that from the cybernetic point of view, cooperation denotes 
the presence of a certain feedback; the interaction of the elements of the ensemble 
leads to a change in state as a whole but the change in the state affects the interaction. 
In this sense the cooperative process is an autocatalytic process. Interpretation of co- 
operation as a feedback establishes the principle of the unity of cybernetic and molec- 
ular-physical aspects of theoretical biology. 

The modern physical theory of phase transition is the theory of cooperative proc- 
esses. Such a theory has been developed in relation to equilibrium transitions on con- 
densation of a gas and crystallization of a liquid, on conversion of a paramagnetic into 
a ferromagnetic substance, on establishing order in binary alloys, etc. [9]. 

Whereas the basis of statistical thermodynamics of cooperative phenomena can be 
considered as laid, despite a number of difficulties of a mathematical nature still to be 
overcome, little progress has been made in elucidating the kinetics of the corresponding 
processes. 
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It must be emphasized that the abruptness, in the thermodynamic sense, of the 
cooperative transition by no means indicates that the transition must precede at an 
anomalously high velocity akin to an explosion. Explosive reactions are cooperative. 
However, such processes as crystallization proceed with a finite velocity which can 
be very low. The velocity is limited by the time of supplying the material, etc. It is 
possible that in cooperative biological processes we do not encounter kinetics similar 
to those of explosive reactions. 

The following general contention derives from what we have said. The main proc- 
esses of autoreproduction basic to life which occur at molecular and supramolecular 
levels are of the character of phase transitions, in particular, the character of the dis- 
order—order transition. These transitions come about both in the biological system 
as a whole and in individual macromolecules. The possibility of phase transition in 
a biopolymer, for example, intramolecular crystallization according to Doty [10] is 
determined by the fact that the macromolecule is a cooperative ensemble consisting 
of a very large number of elements. Consequently, the physical theory for the repro- 
duction synthesis of biopolymers underlying biological processes of autoreproduction 
is a theory of cooperative phenomena. 

The same applies to the opposite processes of disorder, an example of which is 
denaturation of proteins and nucleic acids. These processes are essential to a study 
of the nature of biopolymers. 


3. ISING’S MODEL 

We shall clarify our remarks on cooperative processes by investigating the proper- 
ties of the simplest statistical model proposed by Ising [11]. Ising’s model was intended 
for construction of a theory of ferromagnetism. We shall confine ourselves to a one- 
dimensional case and assume that there is a linear ensemble of elementary magnets— 
electrons possessing forces which can have only two orientations, right and left. The 
adjacent particles interact with each other and the energy of interaction of two anti- 
parallel spins ¢ differs from the energy of interaction of two parallel spins —e. In other 
words, the energy of the interaction is equal 


_ | —€o0, fork = j+1, (3) 
| 0 fork #£j+1, 


Ei, 


c,, 6, = +1 for the spin to the left —1 for the right spin, j,k the particle number. If 
the system is acted upon by a magnetic field of strength H, then each particle acquires 
the additional energy 

E, = —pHo,, (4) 


(H directed to the left), 1 magnetic moment of the particle. The statistical sum of the 
system of N particles in the field is: 


. = i 
exp |. N'¢e,,.+ HH S69, (5) 
z nis | 


oe 
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The cooperation is expressed by the factors o,0;,,. The modern method of com- 
puting Z is as follows. 

For the purpose of calculation it is convenient to introduce an additional inter- 
action € gy9, (i.e. ¢y,1 =) which is physically equivalent to closing a linear model. 
For N > 1 this does not introduce a practical error. Then Z can be rewritten in the 
form 


- 
att ee > [] P,.0;41), (6) 


(7) 


we may consider (7) as the second rank of a matrix with the elements P (¢,,0;,,): 


| Pl, ), PUd,—-) |) (8) 
P(—1, 1), P(—1, 1) 
The sum (6) is thereby equal to: 

Z = Spur (P") = 29-424, (9) 


where Spur is the trace of the matrix (the sum of its diagonal members) and A,, A,, are 
the intrinsic values of the matrix. In the explicit form we have: 


(10) 


where a = ¢/kT, b = pH/kT 
we find 
A, = & cosh b + (e* sinh? b +e-**)!/2, 
A, = & cosh b —(e™ sinh? b +e-2)!/2 (11) 
and for N > 1, since A, >A,: 
Z = NY =. (12) 


Thus, computation of the statistical sum is a matter of finding the greatest root 
of a certain matrix. Knowing Z we find the energy and the magnetization of the system: 


(13) 


(14) 


Expression (13) is unwieldy. (14) has the form 
M = Nu sinh b (sinh? b+-e-*)-}2. (15) 


Since A, is analytical for any value of 7, the one-dimensional model does not give 
the phase transition to the ferromagnetic state in which all the spins are parallel to 
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one another even in the absence of a field (spontaneous magnetization). Such a tran- 
sition is realized only for T— 0: 
lim M = Nu. (16) 
H,T-0 

The model is magnetized more abruptly the greater the cooperation, i.e. the grea- 
ter ¢. 

Ising’s one-dimensional model is consequently unsuitable for constructing a theory 
of ferromagnetism. In contrast, a three-dimensional model of the same type gives the 
necessary results although the relevant calculations involve mathematical difficulties 
still to be overcome. At the same time, Ising’s one-dimensional model can be success- 
fully applied to consideration of cooperative phenomena in polymer chains. 

It should be noted that the model in question is the simplest but is by no means 
the only one. We have described it for purpose of illustration. A detailed account of 
the methods based on the Ising model is given in references [9, 11-13]. 


4. POLYMER CHAIN AS A COOPERATIVE SYSTEM 

Synthetic polymers used industrially are constructed much more simply than bio- 
polymers. Synthetic ones as a rule have a homogenous chemical structure—repeat 
links of the same type. Disturbances in the stereochemical order and inhomogeneity 
in the number of links are not here of a regular character. Thus, the primary structure 
of a synthetic polymer is monotonous and does not thereby contain any specific infor- 
mation; it is ordered only in the sense of linear disposition. But even such macromo- 
lecules are cooperative systems. The theory of the physical properties of macromole- 
cules has been constructed solely on the basis of an estimation of the cooperative inter- 
action of the links [14]. The cooperative interactions determine the secondary structure 
of the macromolecule. As theory and experience show, each link of the chain can be 
found in several! discrete positions with variable energy. These positions differ in the 
angles of rotation around single bonds—these are rotational isomers [14]. The coope- 
ration is expressed in the fact that the realization of a definite configuration of a given 
monomer link, i.e. the rotational isomer, depends on the configuration of the adjacent 
monomers. As a result, physical constants characterizing the macromolecule as 
a whole—the effective dimensions and electrical dipole moment of the curling etc., 
turn out to depend on the relative probabilities of the particular sequences of rotational 
isomers in the totality of the adjacent links of the chain. The corresponding calcula- 
tions are made by the method based on Ising’s model. The cooperative character of 
macromolecules is distinctly expressed in the mechanism of their stretching under the 
action of an external force. Extension occurs by the redistribution of rotational iso- 
mers along the chain and transition of the rotational isomers into more extended ones 
matched by a smaller distance between the atoms. Such a mechanism has been exper- 
imentally confirmed and theoretically analysed [14]. It has been found that extension 
of the chain can be successfully studied by means of the one-dimensional model of 
Ising described above. The more extended rotational isomer is matched by a pair of 
links, directed to one side, the shorter one by a pair of links with opposite stresses. 
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Calculation is fully analogous to that given above, except the magnetic field H is repla- 
ced by the effective force f and instead of the magnetic moment yu the length of the 
link / is introduced. The value 2 signifies the difference in energies of the two rota- 
tional isomers. Ising’s one-dimensional model, not applicable as stated to a description 
of ferromagnetism, is very useful in investigating macromolecules. The real macromo- 
lecule, of course, is a three-dimensional formation. Nevertheless, the sequence of inter- 
actions in the macromolecule is linear and they are numbered in a natural way along 
the chain. As Landau [15] has shown, in a genuinely one-dimensional system phase 
transitions are impossible. This is in agreement with the previous remarks on Ising’s 
one-dimension model. Therefore, in the general case the thermodynamic transforma- 
tion of the state of the macromolecule is not abrupt. It can, however, be suitably con- 
sidered with Ising’s single-dimensional model. In the particular case of change in the 
state of links of the polymer chain occurring along the chain from one end to the other 
(the “zip-fastener” model) a sharp transformation is possible with the character of 
a phase transition. Ising’s one-dimensional model also describes processes of this 
nature. 


The linearity of biopolymers is of course not fortuitous. In such a type of one- 
dimensional system the simplest mechanism of ordering of the primary and secondary 
structrures is achieved. The linear one-dimensional system possesses incomparably 
greater mobility than two or three-dimensional systems. Transmission of information 
in the cell also requires spatial transposition of the macromolecules, for example, from 
the nucleus to the ribosomes which is most readily achieved by linear polymers. 

The cooperation peculiar to synthetic polymers creates their secondary structure. 
The secondary structure of biopolymers—the «-helix of Pauling and Corey in the case 
of protein, the double helix of Watson and Crick in the case of DNA—is determined 
by the same factors. An essential rdle here is played by the hydrogen bonds stabilizing 
particular rotational isomers. Thereby, cooperative processes consisting in changes in 
the secondary structure become possible. Vivid examples of such processes are transi- 
tions of the helices—intertwinings [10, 16] having the character of phase transitions 
of the first kind—intramolecular crystallization and fusion. In fact, the theory of these 
transitions, in good agreement with experience, was developed on the basis of the sta- 
tistics of cooperative processes and the application of Ising’s model [17-21]. It is quite 
likely that cooperative changes in the secondary structure of proteins determine musc- 
ular activity. 


5. TEMPLATE--COOPERATOR” 

The orderliness of the primary structure of biopolymers—determined by the se- 
quence of the amino acids in the protein and of nucleotides in RNA and DNA—leads 
one to assume that the biosynthetic process of producing such structure are cooper- 
ative. 

Can cooperation of such a type be achieved in biosynthesis in a homogenous me- 
dium without participation of a template? This would be in conflict with the basic 
ideas of molecular physics. The forces of interaction between molecules are forces of 
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proximity effect and therefore, only the nature of the end links of the growing chain 
influences the choice of the monomer to be attached. Such a mechanism cannot lead 
to the necessary orderliness. The assumption of the action of specific enzymes during 
linkage of each pair of amino acids is not in agreement with experience and is improb- 
able: too many enzymes would be required for the synthesis of each protein. The 
possibility of synthesis of stereo-regular polymers without the participation of a tem- 
plate does not contradict what we have said since in this case we are dealing with prim- 
itive periodic regularity fixed by the conformation of the end monomer link of the 
chain which at any stage of growth is one and the same. 

Biosynthesis of proteins and nucleic acids is possible only with the participation 
of a template acting as a “cooperator”. Attachment of the monomers to a polymer 
template is cooperative. Such a template in protein synthesis is possibly the insoluble 
RNA to which are attached short chains of soluble RNA carrying a terminal amino 
acid. The template mechanism of RNA synthesis with the participation of DNA is 
still not clear. The template for DNA synthesis is the existing DNA. It may be supposed 
that in all these cases biosynthesis is of the nature of thermodynamic transition, 
the theory of which must be based on the general theory of cooperative processes and, 
in particular, with application of Ising’s model. We are confronted with a close analogy 
between biosynthesis and crystallization requiring a template-primer. With this con- 
ception mutations can be interpreted as defects in the crystal with the distinction that 
the mutations are reproduced indef initely. This is precisely the meaning of the words 
of Schrédinger: “the organism is an aperiodic crystal” [22]. The template may also act 
as “cooperator” in producing the secondary structure. Apparently processes of such 
a nature occur on formation of antibodies. 

It should be noted that in the processes of heterogenous catalysis the solid catalyst 
also apparently acts as 4 “template cooperator™ [23]. The corresponding catalytic 
reactions are probably of the character of phase transitions. This opens 4 new approach 
to the theory of catalysis. 

A programme of theoretical research emerges from what we have said. Adopting 
the concept of the cooperative nature of the processes of synthesing the primary and 
secondary structure of biopolymers we must seek to investigate these processes by 
means of models with a physical and biological basis. 

The problem is to find the thermodynamic conditions of the process and to inves- 


tigate its kinetics. 
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TWO NORMAL DISTRIBUTIONS—II. ASYMMETRICAL 
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1. TWO-PEAK DISTRIBUTIONS 

As was shown in the first part of the present work [1] resolution of a symmetrical and 
an almost symmetrical distribution into two normal distributions can be done without 
much trouble. This is related to the fact that the symmetry of the distribution is due 
either to the coincidence of the mean values or the simultaneous coincidence of the 
size and dispersions of the components of the normals so that the number of unknowns 
to be found is reduced and the equations for finding them greatly simplified. 

Resolution of asymmetrical distributions into two normals is possible without the 
use of unwieldly general methods only if the distribution itself has definite peculiarities 
facilitating its analysis or there are grounds for particular simplifying assumptions. 


* Biofizika 6: No. 3, 265-271, 1961. 
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We shall start from the first case having in mind two-peak distributions which one 
fairly common in practice. 

Text-books on statistics usually recommend graphical methods of analysis for such 
distributions. However, Charlier in his time [2] gave a comparatively simple analytical 
procedure for solving the problem. If it be assumed that x, and x, correspond to the 
position of the peaks then defining m, = x,—x and m, = x,—x, we get from equa- 
tions (3.0) and (3.1) of paper [1]: 


; Ve = 1—v,. (13) 


(For all the notations here and later see [1]; the same numeration has also been adopted 
for the formulae.) Then: 
of = etm, (a—m), 
OF = Ue tm, (a—mz,), 


where a is found from the relations: 


(14) 


3a = 2 (m,+m,)— —., (15.1) 
mm, 


Ha Sp (15.2) 
mm, 


3a* = 2 (m?+m,m,+ m)— 


The values for a obtained from (15.1) and (15.2) must coincide (or in any event be 
close) which is an indication of the correctness of the resolution. 


If we confine ourselves to relation (15.1), then we may at once write: 
Bat imyms (m+ Mm) 


oF 5 = Ue t+ mym,— (14") 


3mz, 
These expressions are the solution of the set of equations which is obtained by 
substituting (13) in equations (3.2) and (3.3). 
Adoption of the maximum frequencies of x, and x, is suitable only in the first approx- 
imation. To obtain more precise values of x, and x, the corresponding mean values 


TABLE 1 


Ash as &% of 

dried matter Number of °% ash Number of °% ash Number of 

(middle point analyses analyses analyses 
of group) 


0-25 , 16 ‘ 35 
0-75 , } 26 
1:25 ° | . 17 
1-75 ° , 13 
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must be computed with reference to at least two further frequencies adjacent to the 
maximum one. 

In Table 1 we consider by way of example the distributions of 430 samples of peat 
according to their ash content ({3], p. 137). 

For this distribution x = 6-44%, o = 2:20%, uw, = 4:84, us = —413, uy = 58-78 
so that r,s = —0-387, rg = 2505 (§ = —0-496): in that o, = 0-118, o, = 0-236, 
then |r,| >s,, and |A | >, and the departures from the normal values are sub- 
stantial. From the “series” 


2:75 3-25 3°75 6°75 7-25 7°75 


18 20 19 43 48 45 


we get for x, and x, the values 3-26 and 7-26, so that m, = —3-18 and m, = 0-82. Cal- 
culation from formulae (13) then gives y, = 0-205, y, = 0-795 and from formulae 
(15.1) and (15.2) we get two values of a, —2-10 and —1-99. These values are quite 
close; taking for further calculations the mean of these two values, we derive from 
formulae (14) o? = 1:24 and o2 = 2-49. Hence, finally, n, = 88, n, = 342, x, = 3-26%, 
X2 = 7:26%, o, = 1:14% and o, = 1-58%. 

As with any two-peak distribution, the resolution of the given entity into its com- 
ponents could be done graphically. Graphic analysis made in [3] gave n, = 86, n, = 344, 
X, = 31%, Xp = 7:2%, 0, = 08% and o, = 1-5%. The fact that the different methods 
give somewhat differing values is connected with the inadequate determinateness of 
the values of the moments and frequencies of the distributions themselves, which in 


the long run is determined by the comparative small size of the selection. 


An obvious advantage of the analytical procedure over the graphic one is its great 
simplicity. 


2. CASE OF UNIFORM DISPERSIONS 


If the distribution has one peak, then it is necessary to seek other ways of simpli- 
fying the problem. Clearly, one can expect a high degree of simplification if in both 
components of the sub-entities (normals) the values of one of the parameters coincide. 
This leads to three possible particular cases: (1) m, = m2; (2) x, = x2; and (3) o, = o,. 
The second case leads to a symmetrical distribution and has been considered above [1]. 
Of the other two cases leading to an asymmetrical distribution, the most probable is 
the third from which we shall therefore start the discussion. This case (6, = o,) may 
pertain if part of the population is subject to the unilateral action of any factor, which 
must lead to displacement of the mean value but have little effect on the dispersion 
(if the dispersion of the factor itself is low). An example is the production of two ma- 
chine tools working with identical accuracy, i.e. scatter of dimensions, but set up some- 
what differently; if the efficiency of the tools differs (nm, ~ n,.), then the overall 
distribution will be asymmetrical. The fact that the distribution has one peak indicates 
that the mean values of both sub-entities differ little. This suggests that in general both 
sub-entities are similar and therefore the assumption of the closeness of their disper- 
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sions is quite probable. Obviously, in this case the actual dispersion of the distribution 
does not reflect the true scatter of the population for it is greatly over-rated due to 
non-coincidence of the mean values of the sub-entities. 


This case was first considered in the paper by Charlier mentioned above [2]. Accord- 
ing to the technique proposed where: 


of = of = p+, 
where ¢ is the root of the cubic equation: 
21+ (i4—3udt-+u3 = 0, 


and m, and m,, the roots of the quadratic equation: 


y+ a +t=0. 
t 


The need to solve the cubic equation makes the problem quite complicated. A simpler 
way has been suggested by Burrau and Stromgren [4] using a specially compiled table 
based on definite combination of the so-called semi-invariants of Thieler. 


For a number of reasons discussed below, it is preferable to make all the calcula- 
tions in terms of the basic moments. Therefore, we shall give here our method of solv- 
ing the problem using the basic moments without complex calculation. 

Since in this case p, = p, = pe, then the first five equations of set (3) assume the 


form: 
Vy +Ve = : (16.0) 


¥1%+Ve%q = 0, (16.1) 
v,03-+-v,02 = 1—p?, (16.2) 
v,a3+v 03 = rs (16.3) 


vattveat = E+3(1—p?)?. (16.4) 


From the first three equations of this set we find: 


efi+—i_| oe+3 
Vm = —4+3— 
‘lL (wf 
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Dividing the second of these equations by the first, we find: 
(l—v,) (1—2v r.—3 E 
a= — “v) (I- ; 2v,) -—+—=o9(v,) = (20) 
1—6v,+6v? rs r 
Substituting this value in equation (19.2) we get an equation for y,: 
(1—6v,+ 6v?)8 Es 
fv) = * = 


v, (I—v,) I—2v,)* rt (21) 


The graph of the function f(v,) is shown in Fig. 1. The roots of the equation (21) 
correspond to the abscissa of the points of intersection of the curve with the straight 
lines &3/r$ = constant. 


f(y) 


























Fic. 1. 

Since the curve consists of two branches, then for any values of this constant there 
are two roots. However, no difficulties connected with the ambiguity of the choice 
of root arise as the curve is symmetrical about the straight line v, = 0-5, so that the 
two roots correspond simply to the values v, and 1—v, = v,. Direct substitution readily 
shows that v. = 1—v, satisfies the same equation (21) as does v,. In the table, the val- 
ues for v, are tabulated for different values of &%/r$. 

The other unknowns are found from equations (20), (17) and 

0? = 1+ a0», (22) 
the latter being obtained from (18) and (17). 

To simplify calculation, the values for 9(v,) are also given in the table. 

The distribution now considered must within the limit v,—>v, (— 14/2) pass into 
a symmetrical distribution with — <0, so that we get «> + }/ —/2 forv,—> 4. In 
fact, if we define }—v, = B, (8 < 1), then f(v,) » —1/328*, so that equation (21) gives 
r$ =~ —32&%64. Therefore on the basis of (20) and (17): 

Oy w—y —F/2 Xe wty —&/2. 
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TABLE 2 





o | ry | » | o@ | fo) 


1-15 0-01 10-24 |— 20 
1:20 10-* 20-7 25 
1-22 10-* 95-5 
1-26 —10-* —34-4 
1-33 —10-* —17°5 
1-38 —0-01 8-12 
1-44 —0-02 6°45 
1-53 —0-05 4-71 
102 1-60 —0-10 3-71 
110 1-69 , 2:97 
118 1:80 , 2°56 
125 1-92 , 2°13 
131 2:03 ’ 1:84 
136 2°14 1-61 
144 2:36 1-41 
153 2°65 1-29 
158 2°84 ; 1-14 
166 3-29 3 1-02 
0-15 171 3-68 310 0-930 
0-10 177 4-25 317 0-838 
0-05 183 5°19 —12 322 — 0-790 | —4x 10 
0-03 191 6°84 —16 331 — 0-693 | —105 


* For sake of brevity zero and decimal points omitted in values of v. 


The above calculation is based on the premise that the two components of the 
normal have uniform dispersions. This is true at best only as an approximation. There- 
fore, it is necessary to indicate a method of computing the corrections to the para- 
meters, the need for which is determined by the imprecise observance of the condition 
0; = Q. At the same time this makes it possible to check the validity of the assump- 
tion made: if the corrections are small as compared with the principal values, then 
this assumption is warranted. 

To compute the corrections we shall use the linear set of equations obtained by 
varying the expressions from set (3) but with the condition 8, = 0 as the equation 
for rg was used in computing the parameters. By virtue of the condition po, = p, the 
equations are considerably simplified and the formula become fairly simple: 


3,5 
Ve (%,—a2)* 
38,5 


Ve (x, —a,)* 


> 
95 


eee mt 
Vi (4% —%9)° 


_ ‘S 
So? = 
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In terms of the semi-invariants, the formulae for the correictons would need to be 
much more complex. 

As stated the smallness of these corrections as compared with the principal values 
(< 0-1) means that if the given entity is effectively the sum of two normals, then the 
“model 6, ~ 6,” is suitable. The validity of the assumption that the population is the 
sum of two normals is verified in the usual way by comparing the empirical value for 
r, with the value obtained by substituting the corrected parameters in (3.6). 

We shall consider as an example, the distribution by length of 558 red beans ((5] 
p. 61). The moments are: rz = 0-134, rg = 2-:748 (€ = —0-252), r; = 0-966, rz = 11-40 
and o,, = 0-104, o,, = 0-207, «,, = 1-13, o,, = 3:33, ie. all |A, |<o,, and must be 
considered substantial. 


Length, mm (middle of group) 17-5 185 19:5 205 21:5 22:5 23:5 
Number of beans 3 7 21 23 53 69 85 
Length, mm 255 265 275 25 D5 WS 3155 
Number of beans 72 56 39 25 21 a 4 | 


For the parameters we get v, = 0-361, v. = 0-639, a, = 0-888, a, = —0°502, p = 
0-744 which gives r, = 1-126 and r, = 11-11. Since 5, | =O16<6, = 1-13, then no 
correction needs to be introduced; moreover, 3, = 0-209 <o, = 3-33 so that the 
analysis is meaningful. Finally, n, ~ 200, n, ~ 360, xX, = 26°77 mm, x = 23-00 mm, 
o’ = 2:02 mm. 

3, CASE OF COINCIDENCE OF SIZE OF COMPONENTS 


This case is less probable and therefore of less practical interest so that it will be 
discussed in less detail. 
Condition v, = v, together with equations (3.0) and (3.1) gives: 


YW=Vv =}, = —a4,=—e. (24) 
Then equations (3.2), (3.3) and (3.4) take on the form: 
e?-+o2 = 2(1—2’), (25.1) 
3a(p?—p?2) = 2rs, (25.2) 
3 (f+ 93+ 6x7(e}-+3) = 2 (ra—a4). (25.3) 
Jointly solving equations (25.1) and (25.2) gives: 


p= 1—att =, pf= Ia 2; (26) 
a 


these expressions could be obtained directly from (14) with reference to (24). Substi- 
tuting these values of p? and p2 in equation (25.3) gives: 


ao & oe — 8 = 0. (27) 
2 6 
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From this equation, according to the values for r; and r, computed for the distri- 
bution being analysed, we find « after which p? and o2 are computed from (26). 


§>0 j2z(y) §<0 | 2/9) 
- % / 


ae \ 











Fic. 2. 


Equation (27) is a cubic equation relative to y = «®. The graph of the function 


r 2 
r3 


e = po - yy. 

eee 
is depicted in Fig. 2 (a) and (b) for & positive and negative. For , > 0 the equation has 
only one real root; for — < 0 there are three such roots, but since —r3/6 is always ne- 
gative, then only one of these roots is positive and can fulfil the conditions of the prob- 
lem (as y = a? must be positive). Hence, equation (27) has in all cases a single solu- 
tion satisfying the conditions of the problem. 

If r,; = 0 (distribution symmetrical) then for — > 0 equation (27) has only a zero 

solution (which leads to the problem discussed in [1]): for — < 0 there is a non-zero 
solution. : 


also obtained in [1]. 
If we put 


and introduce the parameter 


(29) 


then equation (27) reduces to 
uet+2 = 3pu, (30) 
solution of which is tabulated [6]. 
Computing from formula (29) the parameter p from a given r; and & we find from 
the table the value u corresponding to this p and then from (28) compute «. 
For large positive values of & and it r, is not too small one may disregard the term «® 
in equation (27), noting that «2 < 1, so that 


(31) 
vy x 
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Testing the model is only meaningful after ascertaining that the model of uniform 
dispersions is unsuitable. If this model does not give a result, then resort must be had 
to the general methods mentioned above. 

In conclusion, it must be stressed that the mathematical analysis outlined in the 
present paper (or any other) cannot in any way replace or render superfluous concrete 
consideration of the problems relating to the origin of the given entity. Although the 
compatibility of the set of equations (3) for any entity makes very probable the as- 
sumption that this entity is inhomogenous and consists of two sub-entities, the last 
word is still to be found with arguments reflecting the crux of the matter. The results 
outlined in this paper must rather be considered as a practical technique for making 
the necessary calculations if they are in principle recognized as necessary on the basis 
of qualitative analysis of the factors connected with the origin of the given statistical 
distribution. 
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As is known [1] until recently sensitivity was evaluated solely for statistically simple 
signals containing very small amounts of information. It is most important to use the 
criterion of sensitivity in measuring the ability to analyse signals of an increasing degree 
of statistical complexity, i.e. containing ever increasing amounts of information [2-5]. 

This raises the problem of the modes of evaluating differential sensitivity in the 
conditions of the method of identification which is usually applied in investigations 


* Biofizika 6: No. 3, 272-278, 1961. 
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on the analysis of signals of varying degree of complexity. (The use of the method of 
identification is necessary here because in it the maximum entropies of the stimuli and 
responses are always equal so that the possibility of transfer of any amount of infor- 
mation delivered can be estimated.) From the quantitative point of view, the differen- 
tial threshold is a value dependent on the parameters of the function of distribution 
of the value of the signal as an arbitrary random value [6]. The numerical value of the 
threshold always can be found if this function of distribution is known, irrespective 
of the basis of the physiological mechanisms which brought it into existence [7, 8]. 

With the identification method, as a result of experiments, we get the S frequency 
distributions from the number of various signals X;,...,X, which is always equal to 
the number of judgement categories Y,,...,Y,. The value of the signal X, determined, 
when evaulated as Y,,, stands out as the (arbitrary) random value &,. 

It is easy to obtain the same distribution as in any basic psychophysical method. 
For example, we shall introduce in treating the results certain new judgement cate- 
gories: Y’,—“not higher than signal X,,” and Y’,,,—“higher than signal X;,” or, 
what is the same Y’,-—“below the signal X,,,” and Y’,;—“not below the signal X,,,;. 
Thus we obtain two new random values: &’,,, &’,,,,, constituting values of the signal 
corresponding to evaluation of them according to the first or second new category of 
evaluation. The first random value covers all the random values &,, (i? < i,) and the 
second all the random values &,” (;” >i). We shall assume that the new random val- 
ues are distributed normally over a quality scale (the so-termed O(y) hypothesis [6)). 
Clearly, then the distribution function of the first random value is a descending normal 
ogive, the second an ascending one and the density of the distribution of probabilities 
for them is the same. We thus get the same distribution of random values as in the 
two-category constant method with the usual mode of computing the threshold [6]. 
Clearly in this case the discrimination of each of two consecutive gradations is evalu- 
ated as in the Fechner [9] or ABX [10] methods. 

The Kaller threshold, denoted hereafter as DT,,, gives the probable error of the 
ogives. We shall call the threshold, with reference to the value of the systematic error 


Aa = XX! —a, the value DT, = DT,,+|Aa|. Since the problem of the me- 


2 
chanisms of sensitivity using the method of identification cannot be considered solved, 


the ratio of the values thereby obtained to those of the thresholds in the comparison 
methods will not be investigated. 

Of intrinsic interest is not only the evaluation of the differential sensitivity of signals 
of rising degree of complexity in diverse conditions of identification, but also the com- 
parison of evaluations of analysis by the subjects of both simple and complex sig- 
nals-the amount of information transferred with the signals and the differential thresh- 
olds [10]. 

It has been shown [1, 11] that the ability to transfer information by complex signals 
depends on a number of factors; the degree of complexity of the signals, the step of 
the quality scale, the training of the subjects, etc. In the present work, differential 
thresholds are for the first time evaluated with these factors at work and with compar- 
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ison of both measures of signal analysis. Much attention was paid to study of the as 
yet uninvestigated factor of special reduction in the step of the scale of simple and 
comp lex signals. 


METHODS 


The first part of the work was concerned with the effect of training on the analysis 
of simple and complex signals with a constant step of the quality scale. Three systems 
of simple signals were used (systems 1, 2 and 3) and four systems of complex signals 
(systems I, II, III] and IV). Each simple signal carried 1 binary unit of information 
per stimulus, the complex 6-0—-6-3 binary units per stimulus. (For method of construct- 
ing the systems of the complex signals and details of technique see [11]). The systems 
of each degree of complexity were distinguished by the step of the quality scale (Table 1). 
In addition, system III had a tertiary code for all qualities, whereas the rest had a bin- 
ary code; the step of the scale was the same as in the binary system II. 


TABLE 1. STEP OF QUALITY SCALE OF VARIOUS SYSTEMS OF SIMPLE AND COMPLEX SIGNALS 





Simple signals (H = 1 binary | Complex signals (H = 6-0-6-3 
Qualities unit per stimulus) | binary units per stimulus) 


i 2 ow yee. Bees un | m =4tv 





485-565 | 


Pitch (mel) | 100-1-050 | 20-50 5-15 | 


- 
Level of loudness (phon) | 15-40 | 5-10 14 | 15-20 
Duration (sec) 1-0-1-5 | 0-5-0°8 | 0-1-0-4 | | 


In the second part of the investigation, the effect of reducing the step of the quality 
scale on the analysis of simple and complex signals was investigated. At the start of 
the experiment, the step of the scale of all qualities was the greatest (as in systems 1 
or I). During each experiment, the step of the scale of any one quality was reduced 
by a factor of 15-100 and such reduction was repeated in several (10-20) consecutive 
experiments. The same steps of complexity were used as in the first part; 1 binary 
unit and 6-0-6-3 binary units per stimulus. 

With each system of signals, 5-23 experiments were run on the groups of 3-11 per- 
sons. In an experiment 64-81 signals were presented. The technique of identification 
was employed. 

The experiments were conducted in a sound-dendened room. The stimuli were 
supplied by ZG-10 and ZG-2 sound generators. The intensity of the sound was regu- 
lated by attenuators and the duration varied by a stepped relay. The verbal responses 
were recorded in a note book. 

The correct and erroneous identifications were evaulated by the amount of infor- 
mation transferred with the signals (referred to hereafter as AIT—for methods of 
com putation see [11, 12]) and the differential thresholds (referred to hereafter as DT, 
and DT,—for method of computation see above ond [6]). The usual treatment of the 
variat ion of the results was made [13]. 


2* 
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RESULTS 

1. Result of training in analysis of signals with constant step of quality scale. On pre- 
sentation of simple signals of system 1, identification was faultless from the outset. 
Therefore, it was not possible to evaluate the time course of the differential sensitivity 
and transfer of information. The only effect of training was to increase the rate of 
transfer of information, see [1, 11]. Thus, for example, with a step of the pitch scale 
of 1-050 mel, the rate of transfer during one experiment rose very considerably, from 
0-272 to 1-338 binary units per sec (P < 0-01 was evaluated everywhere after Fisher; 
for P < 0-05 the difference was significant, for P < 0-01 very significant). 

For smaller steps of the scale, losses in information were observed (Table 2). For 
system 2 the AIT was at first 0-692 binary units per stimulus and after 1-6 days of 
experiment rose to the amount of information supplied—1 binary unit per stimulus, 
i.e. significantly (P < 0-05). In the first days of the experiment, DT,, reached 25-51 
per cent of the step of the scale and for the same interval diminished very significantly. 


TABLE 2. EFFECT OF TRAINING ON DT AND AIT 





__Simple signals Complex signals 








Mean decrease in | Mean decrease in 
Mean increase in | DT: (a) as percen-| Mean increase in | DT: (a) as percent- 
AIT in binary units | tage of step of scale;} AIT in binary units | age of step of scale; 
per stimulus (b) as percentage | per stimulus (b) as percentage 
_ _ of original value of original value 
Large — 0-373 +0-080 (a) 15-3+2°8 
P<0-01 
P<0-01 (b) 64:7+43-7 
P<0-01 
Medium 0-256+0:105 (a) 29:-7+7-7 0-554+0-102 (a) 18-33+3-92 
P<0-01 P<0-01 
P<0-05 (b) 79-8+3-9 P<0-01 (b) 71-8+4-14 
P<0-01 P<0-01 
0-095 +0-055 (a) 4:30+6-68 0-072 +0-114 (a) —3-1+4-2 
P<0-05 P>0-05 P>0-05 
(b) 15-9+43-2 P>0-05 (b) —7-:9+12°1 
P> 0-05 P> 0-05 


Step of scale 


For system 3 the AIT in the first day of the experiment was 0-011-0-255 binary 
units per stimulus or significantly less than for system 2. Training over 2-18 days of 
the experiment on average only insignificantly increased the AIT. Likewise the DT, 
fell insignificantly with training (Table 2). 

For the complex signals the absolute values of the losses in information in the first 
days of the experiment were considerably greater (2-7 times) than for the simple signals 
with same step of the scale. For example, for all the systems of complex signals the 
losses on the first day of the experiment exceeded 2 binary units per stimulus, which 
is double the entire amount of information delivered with the simple signals. More- 
over, for the complex signals the differences were seen in the large absolute values of 
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the thresholds in the first days of the experiment, e.g. DT, for pitch was 147 as against 
16-6 mel for the same step of the scale in simple signals (difference highly significant, 
P < 0-01). 


DT,dB AIT 
bin unityem DT,dB 


























ey 4 a a ae 
$56 2 @ (2oes56 ua ' 


days days 


Fic. 1. Changes in DT and AIT for intensity on training in analysis of complex signals (information 

delivered, 6:3 binary units per stimulus; tertiary code; mean findings for 7 subjects). Abscissa (through- 

out), days of experiment. Ordinates; A—systematic error in dB: 1, for large step of scale (25 dB); 

2, for smaller step (15 dB); B—DTx in dB (1, for large step and 2, for smaller one); C—AIT in bin- 
ary units per stimulus (curve a) and average DT, in dB for 2 pairs of gradations (curve b). 


During training a very considerable increase in AIT and fall in DT for the systems 
of signals I and II was observed (Table 2 and Fig. 1, C). Thus, in 12 days of the exper- 
iment for system I the AIT rose from 3-765 binary units per stimulus to the value of 
the information delivered—6 binary units per stimulus, while DT,, fell in the same 
period by a factor of 2-10. 

With a smaller step in the scale (system of signals II) the scope of the changes may 
be greater but the period of training is also considerably lengthened. Thus, in 18 days 
of experiment the AIT increased from 2-647 to 5-972 binary units per stimulus, i.e. 
2-26 times (P < 0-01) and the DT,, diminished in the same period by a factor of 3-15 
(P < 0-01). 

For the system of signals with tertiary coding (system III) the increase in AIT and 
reduction in the values of the thresholds though clearly marked (Fig. 1 (B) and (C)) 
were within much narrower limits than for system II, the amount of information trans- 
ferred increasing only 1-62 times while the DT,, fell by a factor of 1-9-11 (P < 0-05). 


Analysis of the complex signals with the smallest step of the scale (system IV) oc- 
curred constantly at considerably lower levels of transfer of information (1-986-3-011 
binary units per stimulus) than for systems I-III. The change in the values of AIT 
and DT with training was inconsiderable (Table 2). For example, for pitch the AIT 
is constantly at a level of 0:248-+0-09 binary units per quality with DT, equal to 
22+2:3 mel. 


It should be noted that the changes in the threshold with reference to the systematic 
error of DT, were in all cases less marked than the changes in DT,. The systematic 
error for the individual subjects in a number of experiments may reach considerable 
values, but is on average insignificant. For the various pairs of gradations of the com- 
plex signal and even for different qualities, the change in the systematic error on train- 
ing was to the same side (Fig. 1 (A)). 
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2. Effect of reducing the step of the quality scale. The findings show (Fig. 2 and 
Table 3) that in untrained subjects the drop in AIT on reduction in the step of the 
scale was always considerable while the DT,, in the first reduction in the step fell 
1-5-2:5 times. With further narrowing the DT,, often increased. 

In the trained subjects, just as marked a drop in the AIT was observed (Fig. 2 (D) 
dash line), however, the fall started at much smaller steps in the scale than for the 
untrained subjects. The DT,, also at first diminished and then rose, the fall being more 
conspicuous than the rise (Fig. 2 (A)). 


DT. dB AIT bin. units/em 
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Fic. 2. Changes in amount of information transferred (AIT) and differential sensitivity (DT) on re- 

ducing step of scale of levels of intensity for simple signals (information delivered 1 binary unit per 

stimulus; mean findings for 3 subjects). Ordinates; A, DTx in dB; B, DT, in dB; C, upper curve, sys- 

tematic error; bottom curve position of centre “‘a’”’ in dB, position of smaller gradation taken as zero; 

D, AIT in binary units per stimulus. Abscissa throughout, step of scale in dB; 1, first day of experiment; 
2, 18-20 days of experiment. 


The systematic error may at first be considerable; with subsequent narrowing it 
became insignificant. The changes in the DT, were considerably less marked than 
for DT,, (Fig. 2 (B)). A shift in the centre of distribution “a” over the quality scale 
to one not changing on narrowing of the gradations was always observed (Fig. 1 (C), 
lower curve; cf. [10]). The value of the ratio of DT,, and DT, to the step of the scale 
always increased on drawing the steps together. 


_TABLE 3. EFFECT OF REDUCING STEP OF SCALE OF ONE QUALITY ON DT AND >) AIT 





Simple signals Complex signals 


Mean increase in DT: Mean increase in DT: 
Mean decrease in AIT | (a) as percentage of step | Mean decrease in AIT| (a) as percentage of 
in binary units per of scale; (b) mean de- in binary units per step of scale; (b) as 
stimulus crease in DT as percen- stimulus percentage of original 

tage of original value 


0-554+0-098 (a) 51-2414-7 0-932+ 0-074 (a) 223+66°8 
P<0-01 P<0-01 P<0-05 
(b) 42-:1+9°5 (b) 56-5+10-05 
P<0-01 


In a number of cases an increase in AIT was observed with the first reductions, 
usually it occurred if already at the first step erroneous identifications had been made. 
Such a rise was particularly in evidence in the trained subjects (Fig. 2 (D)). 
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For complex signals the differences were expressed in a considerable drop in the AIT 
for the quality tested with considerably greater steps of the scale than for simple signals 
(Table 3 and Fig. 3). Thus, for example, on reducing the step of the scale of the levels 
of loudness from 30 to 5 phon, the AIT for loudness fell in the trained subjects from 
1-000 to 0-049 binary units per quality, i.e. 24 times. The thresholds for the complex 
signals also started to change for large steps of the scale (Table 3 and Fig. 3). The 
numerical values of the threshold were greater and accounted for 30-60 per cent of 
the step of the scale. On narrowing the step they more often increased than fell, espe- 
cially in the untrained subjects (Table 3, Fig. 3). 


DT, dB AIT, bin.units/cm 


i am au of 
3020 10h, aB 


Fic. 3. Changes in AIT and DT, on reducing step of scale of intensities for complex signals (infor- 
mation delivered 6 binary units per stimulus). Average findings for 4 trained subjects. Ordinates, DT, 
in dB and AIT in binary units per stimulus; abscissa, step of scale in dB. 











In the complex signals on reduction in the step of the scale of one quality, the AIT 
always fell with rise in the thresholds of the other qualities for which the step of the 
scale remained constant. This occurred even for trained subjects who had previously 
identified correctly all the qualities. Thus, for example, with lowering of the step of 
the scale of levels of loudness from 15 to 5 phon, for 5 other qualities (binary coding) 
the AIT fell in trained subjects from 5-000 to 1-549 binary units (P < 0-05). 

Of particular interest were the results of experiments with tertiary coding of the 
qualities in which the step of the scale was varied for the successive pairs of gradations. 
For pairs with a large step of the logarithmic scale of frequencies (0-4390) in almost 
all the experiments the thresholds were less than for gradations with a smaller step 
(0-2595). On estimating the thresholds from the same data but using the scale of pitch 
(steps of 565 and 485 mel respectively) the values of the thresholds were, with great 
accuracy, equal to one another. For example, for DT,, the difference was 0-61-10 per 
cent from the mean DT,, (P < 0-05). For loudness levels the relations were the reverse. 
For a step of 25 phon the thresholds were 2-0—2:5 times greater than for a step of 15 phon 
(Fig. 1 (A)). Similar relations were also observed for durations (scale of seconds and 
logarithmic scale). 


CONCLUSIONS 
The findings allow us to draw statistically reliable conclusions on the fundamental 
influence of the complexity of the signals, the step of the scale of their qualities and 
the mode of coding on the absolute level and level of change in AIT and the values 
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of the threshold in a number of conditions. Greater complexity is reflected in greater 
losses in information in the first days of the experiment and in greater values of the 
thresholds and the dimensions of the change in AIT and thresholds during a longer 
process of training on reducing the step of the quality scale. 

Reduction in the step of the scale always led to reduction in the AIT and lengthen- 
ing of the period of training. Only in rare cases could an minor increase in AIT be 
observed at the start of the reduction in the step of the scale. 


The rise in AIT during training with reduction in the step was at first large (on 
comparison of the findings for large and medium steps of the‘scale) and then dimin- 
ished (on comparison of the findings for the medium and small steps of the scale). 
For the smallest step, the rise in AIT was insignificant so that training was not marked. 
The absolute value of the threshold may be less for smaller steps of the scale (cf. [4,5]). 
However, with successive diminution in the step of the scale, the fall in threshold value 
was always replaced by an increase which was all the more pronounced the more com- 
plex the system of signals and the less trained the subjects. 

Tertiary coding, as compared with binary, gives smaller values of AIT and smaller 
changes in it and the thresholds on training. 

With large or medium steps of the quality scale, training led to increase in AIT to 
the value of the information delivered and to a fall in thresholds. Therefore, in such 
conditions the process of training was able to level out the effect of variable complexity, 
the step of the scale and the mode of coding of qualities on the level of information 
transferred. 

The effect of complex conditions of identification is particularly noticeable for 
trained subjects in the case of special reduction in the step of the scale of one quality 
in a complex signal. Reduction in the step of the scale is an extra difficult task which 
leads to destruction of the previously elaborated differentiations, i.e. to a certain form 
of “disruption” of higher human nervous activity (cf. [14]). 


It should be noted that the form of the dependence of the thresholds on the step 
of the scale was essentially determined by the accepted normal law of distribution of 
random values; with a lowering of the step of the scale by a factor of 10 the probability 
of mistaken identification most frequently increases within the limits of 10 to 40 per 
cent and the corresponding standard deviation diminishes slowly. With a further in- 
crease in the probability, the deviation diminishes by a factor of 10. Moreover, esti- 
mation of the value of the systematic error in DT, in a number of cases shows that 
the conclusion what the threshold falls on fractionnation of the scale can not be de- 
monstrated statistically. The increase in the ratio of the values of the thresholds to the 
step of the scale shows that in any case, the increase of sensitivity is not proportionat 
to the drop in the step of the scale. 

The facts on the simultaneous change in AIT and values of the thresholds in var- 
ious conditions confirm connexion assumed between sensitivity and the ability to 
transfer information (cf. [10, 15]). In the most comparable conditions (with constant 
step of the quality scale and constant values of the information delivered) both values 
are functions of the time of training; the AIT with training increases and the threshold 





Interaction of the plasma sap of leaves and intracellular structures 311 


falls. At the same time, with diminution in the step of the scale the AIT almost always 
falls but the threshold may rise or fall. The latter fact firstly shows that both values 
are not connected by a simple relationship in all conditions: secondly, it suggests that 
heightening of sensitivity with fall in the step of the scale, if it occurs, is insufficient 
to maintain the level of information transfer. 


REFERENCES 


. SAGAL, A. A., XVII soveshch. po vopr. vyssh. nervn. deyat-sti. 100: 1956 

. POLLACK, I., J. Acoust. Soc. Amer. 26: 1056, 1954 

. POLLACK, I., J. Acoust. Soc. Amer. 28: 906, 1956 

. HARTMANN, E.B., Amer. J. Psychol. 67: 1, 1954 

. VOITINSKH, Ye. Ya., Biofizika 2: 147, 1957* 

. GUILFORD, J. P., Psychometric Methods 1936 

HARRIS, J. D., J. Acoust. Soc. Amer. 24: 417, 1952 

. WEVER, E.G. and ZENER, K.E., Psychol. Rev. 35: 466, 1928 

. FECHNER, G., Th., Elemente der Psychophysik, 1860 

. MUNSON, W. A. and KARLIN, J. E., J. Acoust. Soc. Amer. 26: 542, 1954 

. SAGAL, A.A., Prob. fiziol. akust. 4: 155, 1959 

. GARNER, W.R. and HAKE, H., Psychol. Rev. 58: 446, 1951 

. FISHER, R.A., Statisticheskiye metody dlya issledovatelei. (Statistical Methods for Research 
Workers.) 1958 

. PAVLOV, I. P., Lektsii o rabote bol’shikh polusharii golovnogo mozga. (Lectures on Work o 
the Cerebral Hemispheres.) p. 308 Moscow-Leningrad, 1937 

. QUASTLER, H. (Ed.), Information Theorv in Psychology. Glencoe Free Press, Illinois, 1955 


SLMNIDMALwWNe 


— 
— 


— 
wn 


* There is a translation into English of this work. 


SOME DATA ON THE INTERACTION OF SOLUBLE 
RIBONUCLEIC ACID OF THE PLASMA SAP OF 
LEAVES AND INTRACELLULAR STRUCTURES* 


ZH. A. MEDVEDEV 
Moscow Timiryazev Agricultural Academy 


(Received 16 February 1960) 


THE problem of the biochemical réle of soluble ribonucleic acid (RNA) localized in 
the hyaloplasm of the cells of animals, plants and micro-organisms has attracted great 
interest in the last 2-3 years. It has been shown that the small molecules of this fraction 
of RNA are responsible for the very important intermediate state of protein synthesis- 
selective acceptance of amino acids activated by special enzymatic systems and transfer 
of these amino acids to the organoids (in the main, to the microsomes) in which syn- 
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thesis of the amino acids into proteins is associated with the interaction of the molecules 
of soluble RNA and the high polymer forms of RNA serving as stable matrices. It has 
been assumed [1-3] that precisely the complementary nature of the molecules of sol- 
uble RNA and the various parts of the polynucleotide matrix is the specific mecha- 
nism which has been used by Nature to reproduce the specific sequence of amino 
acids in the polypeptide chain of proteins. It should be noted that processes of inter- 
action of the molecules of soluble RNA containing the accepted amino acids with the 
ribonucleoprotein complexes of the microsomes have in fact been detected in a number 
of investigations both in specimens of animal [1, 4-5] and plant [6] origin. In all these 
experiments labelled soluble RNA isolated from the homogenates and containing 
either *P or *C-amino acids came into contact with microsomes isolated from the 
same specimens. After definite, usually very short (5-10 min) exposures, part of the 
radioactivity is transferred to the microsomes and on extraction is combined either 
with the protein or with the RNA of the organoids. 

To make clearer the biological significance of such reactions it was necessary to 
carry out similar in vivo experiments. Such experiments have been undertaken by the 
author of the present paper. We used for this purpose vacuum infiltration of labelled 
soluble RNA into plant leaves. Because of the small size of its molecules soluble RNA 
can be readily infiltrated into the tissues and passed through the cell membranes. La- 
belled soluble RNA was isolated in sufficient amounts from the organoid-free plasma 
sap of frozen leaves by a method previously described [7, 8] which, as has been shown, 
is very convenient for plant specimens. The tough cellulose cell walls, rapidly frozen 
to destroy the leaf protoplasm when isolating the plasma sap by the method of compres- 
sion, served as an ultra filter separating the plasma sap from the organoids. 


METHODS 

Obtaining labelled soluble RNA from plant leaves. The molecules of soluble RNA 
can be “labelled” either by means of **P incorporated into them or by the #C or *S of 
labeled amino acids firmly accepted by the terminal groups of the molecules and not 
separated from the RNA when deproteinized. To obtain the labelled soluble RNA, 
young bean and sunflower plants were used; they were grown in aqueous culture in 
twenty 6-litre vessels until the age of 25 days. These plants were then transferred to 
distilled water to which was added Na,H**PO, (300 uc per vessel) and Na,*°SO, (500 nc 
per vessel) of sufficiently high specific activity (7 mc per mg S and 1-4 mc per mg P) 
to obtain in a short time highly active samples of RNA. The **P labelled the polynucle- 
otide of RNA while the *S was incorporated into the amino acids and peptides bound 
to the soluble RNA. The plant leaves were cut and used for rapid extraction of the 
plasma sap 24 hr after introduction of the isotopes. Altogether 100 ml plasma sap 
was obtained from each species of plant. The soluble RNA of the plasma juice was 
extracted by means of the phenol procedure [9] from a solution obtained after a num- 
ber of preliminary purifications (precipitation of proteins and nucleic acids of the 
juice by alcohol after washing free of soluble compounds, extraction with 10% NaCl 
at 100°, precipitation of the extract with alcohol and subsequent dissolving of the pre- 
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TABLE 1. RADIOACTIVITY OF ORIGINAL PREPARATIONS OF SOLUBLE RNA 





| Activity of solution | 
| 


| used for infiltration| Activity of RNA 


Preparations 


of soluble RNA (counts/min per ml) | (counts/min per mg) 





Soluble RNA of | | | 
bean plasma sap 5750 1450 | °28,950 
Soluble RNA of 
sunflower plasma 
sap | 11,570 | 18,910 | 74,335 | 103,950 


cipitate in distilled water). During the extractions and precipitations unlabelled currier 
was added to the solutions to improve the washing off of the adsorbed compounds. 
In the RNA samples with double labelling the activity of the **S and **P was determined 
separately by the usual method of absorbig the soft *S @-radiation with an empiri- 
cally selected filter. 

The characteristics of the samples of labelled soluble RNA obtained are presented 
in Table 1. The final volumes of the solutions of labelled RNA used for infiltration 
were comparatively low (20-25 ml). However, these amounts were quite adequate for 
carrying out several experiments. 


RESULTS OF INVESTIGATION 


In the first experiment distribution of soluble RNA between the cell fractions was 
studied by a simplified rapid method allowing the necessary determinations to be made 
individually, in small foliar discs weighing a few tenths of a milligram. For this pur- 
pose, in 15-20 discs each of area of 4-2 cm*, vacuum infiltration with labelled RNA 
was rapidly carried out in small phials. To check on the possible presence of species 
specificity of the process this infiltration was carried out in cross fashion, i.e. the RNA 
of the bean was introduced not only into the bean leaves but also into the sunflower 
leaves and vice versa. After rapid 4-5 min infiltration the foliar discs were washed 
in running water and exposed to daylight for a further 10 min. Then several discs of 
each variant were dried in special brass cups in which the edges of the leaves were 
fixed to prevent wrinkling on drying out. The other foliar discs were frozen, then placed 
between several layers of filter paper and by slow increase in pressure to 200-300 
atm both the plasmatic sap and the vacuolar and intracellular solutions were complete- 
ly removed from these discs into the filter paper. With a slow increase in pressure 
the greater part of the sap was adsorbed into the paper at very low pressures, with 
subsequent increase in pressure the cell walls in the almost dehydrated leaf were not 
destroyed and all the main organoids remained in an almost dry film of the leaf which 
was also placed into brass cups for radioactive assay. From the difference in the radio- 
activity of the discs before and after removal of the intracellular solution an idea could 
be formed of the amount of labelled soluble RNA infiltrated into the leaf and which 
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in 13-17 min passed into the cell structures. Table 2 shows the result of this experi- 
ment. It gives the mean values obtained as a result of two identical experiments in 
each of which there were four variants and in each variant ten foliar discs. 


TABLE 2 


Activity of Activity of 
35§ in labelled components 


Specimens 


infiltrated Infiltrated with After |” residual | After |” residual 


ey Original | removal — 


in in 
of sa 
structures structures 


Original* | removal 
of sap 


of bean 1] 32-3 
on sunflower : 75 30-2 
Sunflower of sunflower 35 75-4 

leaves of bean 40 48-8 


Bean leaves 


*In counts/min 4-5 cm? of foliar disc. 


The difference in activity of the discs on infiltration of RNA from the leaves of 
different plants was primarily associated with the high activity of the original RNA 
preparations of the sunflower. Conclusions can only be drawn from calculation of the 
percentage ratios. These calculations show that the RNA of the plasma sap is very 
rapidly fixed in the structures after infiltration into the leaves. Particularly active in 
this connexion were the sunflower leaves. There was no distinct species specificity 
although there was a certain, statistically not very significant, difference connected 
with the species adherence of the components in the experiments with **P. The findings 
on the distribution of *°S compounds are similar to those obtained for labelled RNA. 
However, as has been shown in other experiments [8] the high activity of *S com- 
pounds accompanying soluble RNA during its preparative isolation is due not only 
to the accepted amino acids but to certain very active peptide complexes entering along 
the conducting system from the root system, which being in direct contact with the 
labelled compounds rapidly acquires a higher level of specific activity of all the com- 
pounds. The activity of labelled **S compounds accompanying the fractions of solu- 
ble RNA isolated from the sunflower roots was double that described in the experi- 
ment on the RNA of the leaves. Therefore, the transfer of the activity of **S compounds 
of the plasma sap to the structures that was observed in these experiments still cannot 
be interpreted merely as a function of soluble RNA. 

In another experiment carried out along the same lines considerably larger batches 
of leaves were used (3-3 g) for infiltration, and analysis of the radioactivity from the 
fractions was made after isolating the plasma sap and the structures from the leaves 
with subsequent precipitation and washing off of the nucleic acids and proteins with 
70% alcohol. This type of analysis was necessary since the results of the experiments 
with the foliar discs are, of course, largely of a tentative nature and can be associated 
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for example, with adsorption of labelled RNA by the cell membranes. The results of 
the second experiment are shown in Table 3. 


TABLE 3. DISTRIBUTION OF RADIOACTIVITY IN LEAF FRACTIONS 25 MIN AFTER INFILTRATION WITH 
SOLUBLE RNA 





Total activity of components, entire sample (counts/min) 
| 
| | | — 
Plasma | Struc- | & activity | Plasma} Struc- 
sap* | ture* jin structures*| sap** | ture** 
| 





% activity 
in 
structures** 





1. Bean leaves — bean RNA | 
(a) Protein + RNA 627 25-1 210 1507 85'6 
(b) Soluble compounds 120 

. Bean leaves — sunflower 
RNA 
(a) Protein + RNA 2318 
(b) Soluble compounds 230 
. Sunflower leaves — 
sunflower RNA 
(a) Proteins + RNA 
(b) Soluble compounds 
. Sunflower leaves + bean 
RNA 
(a) Proteins + RNA 470 420 42:2 270 1320 81°5 
(b) Soluble compound: 115 32 





Note: activity of soluble compounds in structures was not determined because the structures where 
homogenized in isotonic KC1 in which as is known there is always a small admixture of 4*K. 

* Components labelled with *P. 

** Labelled with *S. 





No distanct phenomena of species specificity of distribution of labelled soluble RNA 
were detected in this case. There were only species characteristics—the sunflower leaves 
more actively bound the soluble RNA (both its own and foreign RNA) while com- 
pounds labelled with**S accompanying the RNA of the bean almost completely passed 
into the structures both of their own and other leaves. The other differences were sta- 
tistically insignificant. 

It is interesting to note that reactions of this kind do not closely depend on temper- 
ature. All the experiments described were carried out at 20-25°. Controlled infiltration 
of RNA of the bean and subsequent exposure of the leaves at a temperature of 4-5° 
reduced the accumulation of labelled components in the structures only by 30-40 per 
cent. 

It should be noted that in a number of previous experiments [8] in the bean leaves 
solutions of free **S-methionine and *P labelled sodium phosphate were infiltrated. 
The proteins and RNA of the plasma sap always possessed considerably greater activ- 
ity after 2-hr exposure than the corresponding fractions of the structures. Similar 
findings were recently obtained by our colleagues Ye. G. Toneva and Ye. R. Davidov 
on infiltration of bean leaves by **S-methionine and Na,H**PO, with subsequent anal- 
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ysis of the radioactivity of the nucieoprotein precipitates of the plasma sap and struc- 
tures after very short intervals (15, 30,60 and 120 min).These results show that transfer- 
of a considerable part of the activity to the structures on infiltration of the leaves by 
labelled soluble RNA cannot be completely connected with preliminary dissociation 
of this RNA into nucleotides and subsequent incorporation into the synthesis of cell 
RNA. However, the influence of such re-utilization on the final result of the experi- 
ments cannot be entirely excluded, the more so since the appearance of some activity 
in the unprecipitated fraction of the plasma sap indicates partial dissociation of the 
infiltrated RNA. 


SUMMARY 
From the plasma sap of the bean and sunflower leaves grown in media containing 
radioactive isotopes **P and *°S preparations of labelled soluble RNA have, performing 
acceptor functions in protein synthesis, been extracted. On infiltration of foliar discs 
by labelled soluble RNA there was rapid movement of the radioactive compounds 
from the plasma sap into the nucleoproteins of the intracellular structures. This process 
did not have clear species specificity. 
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FUNCTION OF ACCUMULATION M = fit) IN 
DIFFUSION AND BIOSYNTHESIS* 


N. A. SMOL’Kov 
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(Received 30 April 1960) 


Many workers [1-4] point out that the accumulation of the amount M of radioactive 
iodine 11] in the thyroid gland in the initial period of accumulation, sometimes lasting 
8-9 hr, is proportional to the square root of the time ¢, i.e. a linear functional rela- 


tionship exists: 


M=Byt, (1) 
where B is a constant. With a further increase in t, the points for M lie below the 
straight line given by (1). 

Equation (1) indicates the diffusive nature of the uptake of radioiodine I in the 
initial period of accumulation, further deviation from rectilinearity suggests that to- 
gether with the diffusion process there is a process of excretion of radioiodine from 
the gland into the blood in the form of hormone. Consequently, this excretion must 


be preceded by a biochemical reaction in which radioiodine passes into the thyroglo- 
bulin molecule. 

Despite the fact that quite extensive experimental material has been gathered on 
this problem, there is still no mathematical theory giving a unified explanation of the 
biochemical and biophysical processes occurring simultaneously in any organ. 

Attempts by individual workers to explain the accumulation of a substance in an 
organ on an exponential basis, as has been done, for example, by Litwack and Pra- 
mer [5] for the accumulation of streptomycin in the cells of Nitela clavata, or on the 
basis of the formal mathematical calculations by Oddie [6] for uptake of radioiodine 
by the thyroid gland cannot be considered satisfactory. 

Therefore, in the present theoretical paper our intention is to consider accumula- 
tion of a substance in an organ with two simultaneous processes—diffusion and a bio- 
chemical reaction. In this case, as Rashevsky [7] has shown, Fick’s second equation 


can be written: 


(2) 


where D is the coefficient of diffusion; c the concentration; g a constant of the bio- 
chemical reaction characterizing the rate of passage of the diffusing substance into 
the organic compound of the organ. 
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We shall solve equation (2) for two semi-infinite regions with the initial conditions; 
for t = 0 the concentrations are cy, and Cy, respectively with cy, > cy. and therefore 
on diffusion along the concentration gradient the substance will pass from the first to 
the second region. In the case of selective diffusion where a substance me'ves against 
the concentration gradient, the coefficient of selectivity must be taken into account. 

The solution of equation (2) will be the concentration formula: 


c= a—b¥ | met? (3) 
2y Dt 


Sater, p — Sor. 


, b] 
5 
-~ 


where 


¥( x |- 20 
2y Dt yr 


Equation (3) for x < 0 gives the value of the concentration c, in the first region 
at moment ¢ and for x > 0 the value c, in the second region. 
In order to obtain the amount of substance M accumulated in the second region, 
we need to solve Fick’s first equation: 
oe dn iS (4) 
ot ; 
where S is the surface area through which the diffusion occurs. 
Substituting in equation (4) the partial derivative 3c/3x from equation (3) and 
solving it we find the function of accumulation: 
4 - : 
M = f(t) _ps\ ved dt = —bS V < sm. 
a 


j , 
9 OX 


where 
A = bS ; z=Yy 2gt <oo. 


In a particular case in which biosynthesis is absent, i.e. g = 0, we obtain from 
equation (5): 


M = 2S} 8 (6) 


which corresponds to equation (1) and so: 


2bS / ai B. 


Analysis of equation (5) shows that the function of accumulation M = f(t) has 
only one maximum M,, at which dM, /dt = 0 and t this gives the following condition 


for the maximum: 
coth z. (7) 
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From the tables of Segal and Semendiayev [8] we find that condition (7) is satisfied 
by only one value, z = 1-200. But since z = / 2qt, then the constant of the reaction: 
0-720 

ees Pf 


m 


, (8) 


where ¢,, is the time corresponding to the maximum M,,. 

Consequently, if we take the experimental curve M = f(t), then from the maximum 
we find the values M,, and ¢,,; then from equations (8) and (5) we can calculate the 
values for g and A. 

Now, knowing q and A and guided by the values ¢, one can obtain the correspond- 
ing values M of the accumulation curve. 
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Fic. 1. Comparison of calculated function of accumulation, M = f(t), of radioiodine, “I, in thyroid 
gland of normal individual with experimental results given by Frank [2]. Curve without markings— 
experimental. Small circles denote calculated curve for tn, = 27 hr and triangles curve for tn, = 28 hr. 


Using this method, we have compared in Figs. 1 and 2 our calculated function of 
accumulation, M = f(t), with the experimental curves given by Frank [2] for accumul- 
ation of radioiodine I in the thyroid of normal individuals and a patient with Ba- 
sedow’s disease. 
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Fic. 2. Comparison of calculated function of accumulation, M = f(t), of radioiodine, “I, in thyroid 
gland of patient with Basedow’s disease with experimental results [2]. Curve without markings—exper- 
imental. Triangles on calculated curve for t = 9 hr. 
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Since the peak of the experimental curve M = /(t) in Fig. 1 is broad, then we take 
the two points on the peak corresponding to ¢,,= 27 hr and ¢,,= 28 hr each with 
a value of M,, = 20 per cent. From equation (8) we find the constants of the reactions 
g, = 0-0267 hr-! and g, = 0-0257 hr-?. For both cases A = 27:2. 

Inset in this figure we have shown that in the initial period of accumulation for 
case f,,,= 28 hr, equation (1) is fulfilled, which is in accord with experiments. 

In Fig. 2 the point of the maximum of the M = f(t) curve corresponds to ¢,, = 9 hr 
and M,, = 31-2 per cent and the computed constants have the values q = 0-0801 hr-? 
and A = 42°5. 

As can be seen from the curves in Figs. 1 and 2, the calculated function of accu- 
mulation for radioiodine, ™I, deviates slightly from the experimental curve for M = f(t) 
for the normal individual and considerably, with a trough in the curve, for the patient 
with Basedow’s disease. This can apparently be explained by an initially high rate of 
biosynthesis of the hormone in the thyroid of the patient with this disease, which then 
decreases with time to a constant value. 
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APPLICATION OF INTERFERENCE MICROSCOPY 
TO COACERVATES* 


T. N. YEVREINOVA and A. F. KUZNETSOVA 
Lomonosov State University, Moscow 


(Received 25 July 1960) 


COACERVATION is the term used to describe the phenomenon of the separation of sub- 
stances from dilute colloid solutions in the form of a layer or microscopic droplets of 
diverse shape. Concentrated compounds are thereby observed in the coacervate drop- 
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lets. The fluid in equilibrium surrounding the droplets contains considerably fewer 
colloid particles than the drops themselves. Separation of the substances in the form 
of coacervate drops is widespread in the protoplasm of living organisms; furthermore, 
according to the theory of Oparin the coacervate drops may be one of the intermediary 
forms in the origin of life on earth [1]. 


The purpose of the present work was to ascertain the concentration of dry matter 
in individual coacervate drops of different chemical composition and to determine the 
weight of these drops in order to compare our findings with the published information 
on the cells of organisms. 


Such investigation has been made possible by the method of interference micro- 
scopy. The essential feature of the method is that any microscopic object, the refractive 
index of which differs from that of the liquid media surrounding it, introduces a defi- 
nite difference in the path of the waves in the interfering light beams. From the path 
difference of the waves, measured in interference microscope, is calculated the dry 
weight of the specimen and the concentration of matter in it [2]. Various systems of 
interference microscopes are now used which make it possible to detect down to 5 x 10-*4g 
matter [3]. In earlier work [4] we investigated coacervate drops with a comparatively 
large diameter and consisting of gum-gelatin and nucleic acids. We showed that in 
the larger drops the concentration of substances was lower than in the small ones. At 
the same time, in the cells of living organisms we often encountered small liquid struc- 
tures similar to coacervate droplets. Therefore, it seemed to us to be of interest to 
study the small droplets. 


In this work all the measurements of the path difference of the waves were made with 
a bifocal interference microscope with an objective of x 40(0-65) and an ocular x 15 
or X 20 by two methods: (1) with a Senarmon compensator; and (2) with a compen- 
sator giving interference bands in the field of vision. In both cases the preparations 
were illuminated with monochromatic light with a wavelength of 546 mu. The accuracy 
of measurement of the path difference was 1/40-1/50 4 (5). With use of a Senarmon 
compensator because of the excessively small size of the drops we estimated the integrat 
ed path difference of the whole drop [5, 6] given by the average thickness of the drop and 
equal to 2/3 of the maximum path difference [3]. In this case the concentration |c| of 
the dry substance in the drop was calculated from the formula (1) 


(1) 


where d is diameter of the drop, 8, the averaged path difference «, specific refractive 
increment taken for most proteins and nucleic acids as 0-0018 [2]. With the second 
method of measurement, calculation of the concentration was by formula (2) where 
8 ..ax» Maximum path difference, the other notations as in formula (1); 


(2) 
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3. 1. Diagram of interference image of drop. A, homogenous drop; a, distance from one interfer- 


of count of interference bands. 


Fic. 2. Photographs of coacervate drops in interference microscope with compensator giving inter- 
ference bands. a, homogenous drop; b, drop with vacuole” 
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The maximum path difference was determined by the scheme (Fig. 1) from for- 
mula (3) 


(3) 


where a is the segment corresponding to one wavelength (distance between two bands), 
b, the displacement in the band along the diameter of the drop produced by the sub- 
stance present ir the drop. 

Calculation of the weight of one coacervate drop was made according to formula (4) 


c 
P = o4 nr’, 4 
/s (4) 


where P is the weight of the drop, c, the concentration, 4/, zr? the volume of the drop 
since for measurement the drops were assumed to be spherical. 


In Fig. 2(a) and (b) are presented photographs of the coacervate drops taken in the 
interference microscope with a compensator giving interference bands. Clearly, in the 
case of drops of the some diameter the shift in the bands is greater the higher the con- 
centration of dry substance in them. Fig. 2(b) shows a coacervate drop containing 
a vacuole and in Fig. 3 the same drop photographed without this compensator. The 


Fic. 3. Photograph of coacervate drop. 


numbering of the interference bands increases in the direction of the arrow. If the 
band bends towards a lower number the path difference is positive; if towards a higher, 
negative, i.e. the concentration of dried substance in the drop is lower than in the fluid 
surrounding it. It follows from Fig. 2(b) that in the vacuole the concentration of dry 
substances is less than in the part of the drop surrounding the vacuole. However, it 
was not possible to make accurate measurements of the concentrations because the 
method has still not been sufficiently developed. 
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TABLE 1. CHARACTERISTICS OF PROTEIN PREPARATIONS 





Protein 


Protamines 


Composition Humpbacked | Starred Herring Serum 
salmon | sturgeon | albumin 


Gelatin 


% of dried weight 


Total nitrogen } 23 | 142 | 
Sulphur 8-88 8-90 
Sulphuric acid 27:15 | 1807 


These procedures were used to measure coacervate drops obtained from gum acacia, 
gelatine, serum albumin, alkaline proteins (protamines) and nucleic acid in the follow- 
ing coacervate systems. 


TABLE 2. COACERVATES CONSISTING OF DNA, GUM AND GELATIN* 


Coacervate drop 


Diameter Path difference | Concentration | Volume Weight 
(u) (u) | (%) | (cmx 10*)| (gx 10") 
0-19 50 5:1 2°5 
0-15 6°5 2-4 
0-11 8-2 2:1 
0-24 80 20-0 
0-27 139 32-0 


0-15 5:1 
0-19 10-1 
0-29 52 
0-32 : 79 
0-31 


0-17 
0-17 
0-23 


0-09 
0-11 
0-15 
0-15 
0-21 


* I-V — separate samples. 





Application of interference microscopy to coacervates 325 


J—serum albumin + gum. 0-69 per cent solution of serum albumin and 0-67 per 
cent solution gum prepared in 0-1 M acetate buffer pH 4-39 mixed in the ratio 1:1 
at room temperature. 


In all the other systems aqueous solutions prepared in distilled water were used. 
The necessary pH of the mixture was obtained by adding a suitable amount of 0-1 N, 
NaOH. The concentration of the solution of gum used throughout was 0-67 per cent. 


TABLE 3. RELATION BETWEEN CONCENTRATION OF DRY MATTER AND SIZE OF DROPS 


Coacervate drop 








| Ratio of concentra- 
Diameter Volume | Concentration | tion (in drops) to 
| (%) | that of original 
| solutions 


(cm? x 107) 


Serum albumin + gum 


13 34 
18-8 32 
122 21 


Humpbacked salmon protamine + gum 
44-6 31 
51-6 30 
342 24 
Starred sturgeon protamine + gum 


22:8 50 
128 34 
219 29 


Clupeine + gum 
4-1 | 36 
17:2 33 
130 28 
Clupeine + gelatin 
11-6 
9-2 
6°5 


1]—Humpback salmon protamine + gum. To 0-4 ml of 1-5 per cent solution of pro- 
tamine was added 1-6 ml gum (pH 5-6—-5-8, temperature 16-18°). 

II]—Starred sturgeon protamine +- gum. To 0-1 ml of 2 per cent solution of pro- 
tein was added 0-6 ml gum (pH 6-2, temperature 16-18°). 

IV—Herring protamine (clupeine) + gum. 0-1 ml of 2 per cent solution of clupeine 
was mixed with 1 ml gum (pH 5-8-6-0, temperature 16-18°). 

V—Clupeine +- gelatine. 1-72 per cent solution of clupeine and 0°67 per cent so- 
lution of gelatine were mixed in a ratio 1 : 1 (pH 8-6-8-8, temperature 40-45°). 
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VI—Deoxyribonucleic acid (DNA) + gelatine + gum. The prescription for pre- 
paring this coacervate has been published by us together with Korolev [7]. 

To obtain good coacervate drops of great importance is the purity of the reagents 
used and the chemical composition of the compounds. Therefore, in Table 1 we give 
a short description of the preparations used. 


go * 


sol. 








i i _i j i j 
120 160 200 260 280 320 %10" 


Fic. 4. Relation between volume and weight of coacervate drops. Ordinate, weight; abscissa, volume. 
1, starred sturgeon protamine + gum; 2, humpbacked salmon protamine + gum; 3, serum albumin 
+ gum. 


The protamines were isolated by us as protamine sulphates from the sexually- 
mature roes of the Far Eastern humpbacked salmon, the Caspian herring and starred 
sturgeon by the, somewhat modified, technique of Kossel [8]. The total nitrogen was 
determined by the Kjehdahl semi-micro method; the sulphur by precipitation as ba- 
rium sulphate [9]. 

The coacervate droplets of each system were separately put into a glass cuvette 
0:15-0:17 mm thick, closed with a cover glass the edges of which were smeared with 
paraffin to protect the drops from drying out during the work. In this form the cuvette 
was placed on the stage of the interference microscope and the measurements made. 
The results are presented in Tables 2-3 and in Figs. 4—S. 


gxio ® 
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20 








0 9018080 200 0 


Fic. 5. Relation between volume and weight of coacervate drops. Ordinate, weight; 
abscissa, volume. 
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Change in the path difference in relation to the size of the drops in one coacervate 
system (but in different samples) is depicted in Table 2 for a coacervate consisting of 
DNA, gelatin and gum. Roughly the same ratios were observed for the other coacer- 
vate systems. Information on them is presented in the form of graphs (Figs. 4 and 5). 
Table 3 shows some results in different coacervate systems with drops of different 
diameters. Over 200 droplets were measured. 


DISCUSSION OF RESULTS 

The graphs show that with an increase in volume of the coacervate drops their 
weight increases. However, the increase in weight per unit volume gradually falls as 
the drop becomes larger. Consequently, the concentration of dry matter falls as shown 
in Table 3. For one sample taken for measurement this relationship between volume 
and concentration was very marked (see Table 2). For the optimum conditions of for- 
mation of coacervate drops their size and the concentration of dry substance in them 
depend on the chemical nature of the colloids from which the drops were obtained. 
Comparison of our results with those of Mitchison and Passando [3] who measured 
the weight, volume and concentration of dry substance in growing yeast cells Schizo- 
saccharomyces pombe shows that the nature of the relation between the volume, weight 
and concentrations is similar to the systems of coacervate drops. 


SUMMARY 
In this work the method of interference microscopy has been used to determine 
the dry weight and total concentration of substances in microscopic coacervate drop- 


lets. The droplets were obtained in six coacervate systems consisting of acid and alka- 
line proteins (protamines) carbohydrate and DNA. In size the drops were similar to 
the nuclei and cells of organisms. The measurements showed that with an increase in 
the size of the drops their weight increases with a fall in the total concentration of 
substance computed per unit volume. On formation of coacervate droplets the colloids 
in the drops are concentrated, depending on their composition, from 6-50 times as 
compared with the original concentration of colloid in the solution from which the 
droplets were obtained. 

The authors wish to express their deep gratitude to Academician A. I. Oparin and 
Professor A. N. Zakhar’evskii for their diligent guidance and valuable advice in the 
course of this work. 
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STABLE PRODUCTS OF THE PHOTOREDUCTION 
OF PHEOPHYTIN* 
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P isarzhevskii Institute of Physical Chemistry, Academy of Sciences of the Ukrainian S.S.R., Kiev 


(Received 28 April 1960) 


IN a large number of papers Krasnovskii [1, 2] and Yevstigneyev [3, 4] have studied in 
detail Krasnovskii’s discovery [1, 2] of the reversible photoreduction of chlorophyll, 
pheophytin and a number of other pigments. According to these workers this reaction 
is most plainly observed in an organic base medium; in other solvents it is less appar- 
ent [5, 6]. 

Dilung and Dain [7] showed that when red light is brought to bear on methanol and 


acetone solutions of molecular compounds of chlorophyll with stannous chloride pho- 
toreduced products are formed with absorption spectra very close to the spectra of the 
photoreduced forms of chlorophyll detected by Krasnovskii and Yevstigneyev. Dilung 
and Dain observed that the photoreduced forms of pigment produced during the pho- 
toreactions are distinguished by high stability. They advance the hypothesis that one 
of the possible factors explaining the stability of the reduced form in these conditions 
is the presence in the solution of tin ions which are able to bind the ion-radicals and 
the semiquinones of the pigment. However, it may be supposed that the raised stability 
of the active photoproducts is due not to the presence of metal ions but to the nature 
of the solvent and the absence in the solution of an organic base. 

It was therefore of interest to study the photoreduction reaction of pigments in 
alcohol and acetone solutions without addition of metal ions. In fact, as is clear from 
the findings presented below, in the alcohol and acetone solutions of pheophytin a 
and 5b it is possible to observe formation of very stable photoproducts of reduction 
under the action of red light. 

Pheophytin was obtained by the method of Fischer [8] and separated on a column 
filled with a mixture of sucrose and talc [9]. The pheophorbids were obtained from 
pheophytin (a+) by treating the latter with hydrochloric acid with subsequent frac- 
tionated extraction with ether [10]. The reductants used were ascorbic acid, sodium 


* Biofizika 6: No. 3, 294-299, 1961. 
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ascorbinate and phenylhydrazine hydrochloride. Experiments were conducted with 
solutions evacuated in a high vacuum; the solutions of pigments and reductants were 
degassed in the individual branch pipes of the reaction vessel and then mixed without 
disturbance of the vacuum. The concentration of pigment usually was of the order 
of 10-5M, reductant ~ 10-°M. After preliminary spectrophotometry the mixture of 
pigment solution and reductant in the cuvette freed from the reaction vessel was ex- 
posed to irradiation by 1000 W cineprojection lamp, in thermostatic conditions at 22°, 
through a KS-11 red light filter transmitting radiation from 600 to 1500 mu. The ab- 
sorption spectra were recorded with a SF-5 photoelectric spectrophotometer and also 
with a SF-4 in those cases in which it was necessary to measure the absorption in the 
region of the spectrum below 400 mu. 


log 4// log J,/f 

















2 ~ —_ 02 i A rm 
700 700 600 500 400 &, mi 





Fic. 1. Photoreduction of pheophytin a by as- Fic. 2. Photoreduction of pheophytin a by as- 

corbic acid in ethanol. 1, absorption curve for corbic acid in ethanol. 1, absorption curve for 

unirradiated original solution; 2, same after original unirradiated solution; 2, same after 

20-min irradiation; 3, same after admission of air. 20-min irradiation; 3, same after addition of qui- 
none. 


Figure | illustrates the results of one of the experiments carried out with a solution 
of pheophytin a in ethyl alcohol with addition of ascorbic acid. The figure shows that 
the absorption spectrum of the solution after 20-min irradiation (curve 2) underwent 
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appreciable changes as compared with the spectrum of the original unirradiated solu- 
tion. The principle maxima (red and blue-violet) considerably diminished and at the 
same time the blue-violet maximum shifted towards the shortwave side, there was an 
increase in absorption in the 450-650 my region. These spectral changes were accom- 
panied by a change in colour. The unirradiated solution of pheophytin a in alcohol 
was grey but after irradiation it was blue. 
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Fic. 3. Photoreduction of pheophytin a by ascorbic acid in ethanol. 1, absorption 
curve for original unirradiated solution; 2, same after 20-min irradiation; 3, same 
after addition of ferric chloride. 
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Admission of air into the irradiated solution regenerated the original pigment 
(curve 3). The same effect was observed on introduction of other oxidants, for example, 
quinone (Fig. 2), or ferric chloride (Fig. 3). We would note that the addition of the 
oxidants was made without disturbing the vacuum. For these experiments cuvettes were 
used with side arms into which the compound to be added was placed. 


Similar results were obtained for the acetone solutions and also with pheophytin b 
and with the pheophorbids a and 5. 
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Fic. 4. Stability of blue photoreduced form of Fic. 5. Effect of addition of oxalic acid on ab- 
pheophytin a in ethanol. 1, absorption curve for sorption spectrum of blue photoreduced form of 
original unirradiated solution; 2, same after pheophytin a in ethanol. 1, absorption curve for 
20-min irradiation; 3, same after storage in dark original unirradiated solution; 2, same after 
for 7 days; 4, same after admission of air, 20-min irradiation; 3, same after addition of oxa- 

lic acid; 4, same after admission of air. 


The regeneration of the original pigment after introducing oxidants into the solu- 
tion indicates that the blue product formed on irradiation of pheophytin a in alcohol, 
illustrated by curves 2 in Figs. 1-3, is a photoreduced pheophytin. However, its spec- 
trum differed both from that of the red form detected by Krasnovskii [1, 2] and from 
the primary charged form observed by Yevstigneyev [3, 4]. As the figures show, in the 
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spectrum of the blue reduced form of pheophytin a the intense maximum character- 
istic of the red form in the 520-525 my region was absent. The difference from the 
primary charged form was chiefly manifest in the blue-violet region—no maxima at 
460-470 mu or at 340 my [3, 4]. 

Like the photoproducts obtained by Dilung and Dain [7] the blue photoreduced 
form of pheophytin was very stable. As Fig. 4 shows, after keeping it in the dark in 
vacuo for 7 days the absorption spectrum was almost unchanged. Only after admission 
of air (curve 4) was the original pigment regenerated. 

To find out the nature of the blue photoproducts supplementary experiments were 
carried out which yielded somé interesting facts. If we introduced hydrogen ions into 
the solution of the photoreduced pigment without disturbing the vacuum, then in dark 
conditions transition of the blue into a pink colour was observed. Accordingly in the 
spectrum a maximum was quite clear in the 510-515 my region, i.e. a product was 
formed very close to Krasnovskii’s red form. The results of these experiments are 
shown in Fig. 5, in which curve 3 corresponds to the products formed after introducing 
oxalic acid into the photoreduced solution of pheophytin (the dissociation constant of 
oxalic acid and also its solubility in alcohol are considerably higher than ascorbic acid). 
Simultaneously, we observed a shift in the blue-violet maximum, again to the longwave 
side. Admission of air (curve 4) regenerated the original uncreduced pigment. Addi- 
tion of hydrochloric acid produced the same effect as addition of oxalic acid. 

A still clearer picture of the formation of the red form from blue was observed on 
introducing zinc ions into the solution of the photoreduced pheophytin (Fig. 6). In 
this case however, there was simultaneous penetration of the zinc ions into the pheo- 
phytin molecules; the result was the formation of the red photoreduced form of zinc 
pheophytin which was detected according to its characteristic spectrum (curve 3). Oxi- 
dation (admission of air) led to regeneration not of the original pheophytin but zinc 
pheophytin (curve 4). It is possible that in this case also the formation of the red form 
is connected with the presence of hydrogen ions which appear in the solution as a re- 
sult of their being ousted by the zinc ions from the pheophytin molecules. 

Introduction of Cu*+ ions did not cause conversion of the blue into red products. 
In this case there was only incorporation of the copper ions and formation of copper 
pheophytin. The effect observed must apparently be attributed to the fact that the Cu*+ 
ions oxidize the reduced pigment and then are incorporated in the molecules of the 
already oxidized product. The oxidizing effect of the Cu**+ ions is similar to the effect 
of Fe*+** ions (see Fig. 3). But because of the fact that the Fe+++ ions are not capable, 
as is known, in these conditions of being directly incorporated into the pheophytin 
molecule, their introduction into the solution of the photoreduced pigment led to 
regeneration of the original pheophytin. 

If the formation of the red (proton) form was due to the presence of hydrogen ions 
then it is natural to expect that in a medium containing H* ions in sufficient concen- 
tration the effect of red light on the corresponding solution would lead at once to the 
formation of the red form. In fact, this was confirmed by experiments in which the 
solvent used was formic acid (Fig. 7). In this case the photoreduced pigment of the 
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red-violet colour was formed as a result of very transitory irradiation with red light. 
The reversibility of the reaction on admission of air in these conditions is not quite 
complete. This is most probably due to the photoproduct’s activity, leading to further 
irreversible reactions in solution. Support for the fact that this is not caused by the 
action of formic acid is provided by the results of separate experiments establishing 
that the spectrum of a formic acid solution of pheophytin containing ascorbic adic 
additive did not undero gany changes when the solution was stored in the dark in vacuo 
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Fic. 6. Effect of addition of acetate on absorp- Fic. 7. Photoreduction of pheophytin a by as- 
tion spectrum of blue photoreduced form of phe- corbic acid in formic acid. 1, absorption curve for 
ophytin in ethanol. 1, absorption curve for origin- original unirradiated solution; 2, same after 5-min 
al unirradiated solution; 2, same after 20-min irradiation, 3, same after admission of air. 
irradiation; 3, same after addition of zinc acetate; 

4, same after admission of air. 
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for 24 hr. An interesting aspect of Fig. 7 is the shape of the spectrum of the original 
unirradiated solution of pheophytin. It differed from the spectrum of this pigment in 
other solvents (alcohol, acetone) apparently because of the fact that the pheophytin 
formed a molecular compound with formic acid. 

The findings presented in the present paper show that the stability of the photore- 
duced forms of pheophytin largely depends on the medium in which the reaction is 
carried out. In particular, photoreduced forms of very high stability can be obtained 
in acetone and alcohol. The problem of the nature of the blue reduced form of pheo- 
phytin and its structural differences from the known active photoreduced forms of 
Krasnovskii and Yevstigneyev requires further investigation. 

We should like to express our deep gratitude to Prof. B. Ye. Dain for discussion of 
the results of the present work and valuable advice. 


SUMMARY 
(1) It has been shown that the effect of the photons of red light on alcohol and 
acetone solutions of pheophytin containing ascorbic acid lead to the formation of 
a very stable photoreduced form of pigment of blue colour which on introduction of 
hydrogen or zinc ions passes into a red reduced form. 
(2) In formic acid solution in the same conditions the red reduced form of pigment 
is formed immediately. 
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SOME PATTERNS OF PHOTO EXCITATION 
OF THE CUTTLE-FISH GIANT AXON* 
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(Received 30 November 1960) 


LIGHT, used to activate nerve processes, has a number of advantages over electrical, 
mechanical, thermal and chemical stimuli. The light is absorbed by definite chromo- 
phore groups of the proteins (aromatic amino acids in the case of ultraviolet radiation) 
or pigments bound with them, which enables one to localize in the cell the site of energy 
build-up and to relate it to definite substances and processes. For other stimulatory 
agents the structures absorbing energy have not been revealed, which prevents closer 
study of their molecular mechanism. 

To study the activation of nerve cells by visible light one should not merely confine 
oneself to natural pigmented cells. These cells usually possess a complex differentiated 
structure and have many features of pronounced specialization as has been shown for 
the neurone of the Aplysia [1]. It is preferable to investigate the excitable properties of 
protein complexes in simpler, homogenous nerve elements. The giant axon of cepha- 
lopod molluscs—the squid and cuttlefish are suitable. The nerve fibre does not pos- 
sess natural excitability to visible light but under the influence of many fluorescing 
dyes becomes photosensitive. 

Light activation of nerve fibres has hardly been investigated. In the literature there 
is only reference to the possibility of stimulation with light of the eosin-stained frog 
nerve [2] and the crustacean nerve [3]. Chalazonitis [4] in work done in recent years 
exeited with light the stained giant axon of cuttlefish and investigated certain character- 
istic bioelectrical responses. However, in these experiments it was not possible to 
achieve reproduceability of the process. Single excitations of the nerve with light were 
accompanied by irreversible damage, which lessened the physiological value of the 
results and the possibility of studying the laws of photostimulation. 

Our aim was to find suitable conditions for a reproduceable repetitive process of 
photostimulation, to study the laws of this process and the nature of the bioelectrical 
response and also to study the interaction of electrical and photo-stimulation. 

Photoactivation in the final analysis involves the same mechanisms of bioelectrical 
response as other stimuli and, therefore, study of interaction of light and matter is 
fundamental to the problem of generation of electrical action currents. Moreover, 
production in the axon of the elementary acts of excitation and inhibition in response 
to light may be essential for analysis of visual processes. 


* Biofizika 6: No. 3, 300-308, 1961. 
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Living cells sensitized by a dye to light lose excitability and die in the light as a re- 
sult of its photodynamic action connected with irreversible oxidation and destruction 
of the protein molecule adsorbing the dye. The primary act in the photodynamic action 
is excitation of the dye and transfer of this energy to the protein carrier. This primary 
photochemical act unleashes the subsequent chain of irreversible biochemical reactions 
leading to oxidation of the substrate. For the reproduction of a reversible photoexci- 
tation it is necessary to retard the end photodynamic effect and separate it from the 
exciting action of the light. Below are listed the principal conditions required for meet- 
ing this requirement. 

(1) Experiments with photostimulation should be carried out at a reduced temper- 
ature which is somewhat above the lowest temperature tolerated by the giant axon 
(4-5S°). These conditions retard the secondary oxidative processes but do not affect 
the photochemical act. 

(2) The intensity of light must be adequate with the shortest possible exposure. 

(3) The type of dye is an essential factor. 

(4) The calcium content of the solution around the nerve is important; the sensi- 
tizing effect of a number of dyes is enhanced when calcium is excluded from the solu- 
tion or when calcium is combined with citrate. 

(5) In a number of cases the photodynamic action diminishes in an atmosphere 
of nitrogen, with increase in the reproduceability and repetitivity of photo excitation. 
Comparative study of photostimulation in nitrogen, air and oxygen helps to clarify 
the mechanism of the phenomenon. 


METHODS 


Experiments were carried out on the carefully isolated giant axon of the cuttle-fish 
(Sepia esculenta Hoyle), 150-300 u in diameter, in the town of Tsing-dow of the Chi- 
nese People’s Republic. 

The necessary temperature and gas composition was maintained throughout the 
experiment in the chamber which was protected from scattered light and transmitted 
only the light for stimulation under microscopic control. The axon was stimulated, 
the biopotentials recorded and the temperature was neosured in this chamber. 

The chamber was a hermetically-sealed rectangular polymethyl methacrylate box 
with double walls. The water flowing through the closed space between the two walls 
from two pipes was cooled in a thermostat and used to maintain the requisite temper- 
ature in the chamber. A tube, connected by a T-piece to oxygen and nitrogen cylinders, 
passed into the inner chamber. During the experiment there was a continuous flow of 
gas into the inner chamber. The gas first passed through water for humidifying then 
through a spiral within the thermostat for cooling to the temperature of the chamber. 
Besides the apertures for the gas and water in the back wall of the chamber there was 
an aperture for the entry of insulated conduits and thermocouples and at the bottom 
an aperture, closed with a heat filter, for the light. A small flat chamber with a trans- 
parent bottom and two pairs of stimulating and recording electrodes was inserted into 
the inner thermostated chamber. The bottom of this chamber consisted of a glass 
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plate separated by transverse divisions. The divisions separated the solution of the dye 
from the seawater and produced a sufficiently large interelectrode resistance. The 
distance between the nearest stimulating electrode and the site of irradiation was 2-3 mm, 
The electrodes (chlorinated silver) were lowered into drops of seawater surrounding 
the axon. The axon lay at the bottom across the transverse divisions. The width of 
the glass plate with the dye was 6-7 mm and determined the length of the stained area 
of the axon. 

Before the start of measurement the axon was kept in the chamber at 7-8° for about 
half an hour until a constant threshold and action potential were established. Then 
the seawater under the left electrode was replaced by solution of dye, the chamber. 
covered with a lid and black cover and a check made of the effect of the dye in the 
dark. The container fixed on a device for moving the chamber was set on the stage of 
the microscope and the aperture at the bottom of the chamber brought to the aperture 


of the stage. 


ILLUMINATION AND OPTICAL SYSTEM 


For illumination we used the white light of an incandescent lamp or the visible re- 
gion of the light of an SVD-110-A mercury lamp. Passing through the system of lens, 
mirror, condenser and protective heat filters, the light passed through the aperture in 
the bottom of the container and was focused on the stained part of the axon. The light 
beam was covered by a shutter which gave continuous or interrupted illumination 
with alternation of dark and light phases of given duration and frequency. The tem- 
perature was measured at the site illuminated by means of a calibrated thermocouple 
connected to a galvanometer. In control measurements illumination for 10 min did 
not cause any appreciable rise in temperature. 

Electrical recording. Excitability and the action potential served a‘ con‘rols for the 
state of the axon. The action potential was recorded with chlorinated silver electrodes 
one of which (usually the left) was lowered into the drop of the dye surrounding the 
axon and the other into seawater. The electrodes through a d.c.amplifier (input resist- 
ance 1 MQ) were connected to the input of the oscillograph. Electrical stimulation 
was by square pulses (10-* sec) with a frequency of 5—10 c/s. During monophasic record- 
ing 1 per cent procaine in seawater was applied to the nerve under the right electrode. 
The changes in the resting potential were recorded between the surface of the unchanged 
part of the axon and the stained illuminated part from the displacement in the base 
(zero) line of the oscillograph. The action potential was photographed from the oscil- 
lograph screen during electrical or light stimulation. 

The dyes used as sensitizers to light were: eosin (0-005-0-01 per cent), neutral red 
(0-01-0-02 per cent), saffranine (0-005-0-02 per cent), thionine (0-1-0-2 per cent), meth- 
ylene blue (0-07 to 0-15 per cent) and acridine orange (0-005 per cent). The solutions 
of the dyes of the necessary concentration made up daily in seawater and in a number 
of cases before each experiment, were carefully protected against light. In many cases 
the solutions of dyes were prepared in artificial seawater, not containing calcium or 
in seawater with addition of sodium citrate (0-5-1 per cent). 


4* 
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GENERAL PATTERNS OF PHOTOSTIMULATION. LIGHT STIMULUS 


The necessary condition for photostimulation is a high intensity of the incident 
light and short duration of the light flash. When the threshold intensity for light is 
reached a single light flash suffices to excite the axon. 


The sensitivity of the axons to light greatly varied. Many were not excited by a sin- 
gle light stimulus; then it was necessary to increase the intensity or repeat the flashes 
of the former intensity. With a succession of brief flashes the near threshold light sti- 
mulations were summated and reached threshold. This is apparently connected with 
an increase in excitability following the action of sub-threshold stimulus and with the 
ability of the light energy to accumulate in suitable structures. The possibility of sum- 
mation of subthreshold light pulses indicates the great effectiveness of interrupted 
light for photostimulation. In the main experiments we used such light or single short 
illuminations. In the case of interrupted light the light phase lasted 1-5 sec, the dark, 
4-10 sec. 

For excitation with interrupted light an essential factor was the frequency of the 
light flash and the ratio of the light-dark phases. The minimum duration of illumina- 
tion ¢,,,,, producing an action potential depends on the ratio of light to dark (¢,,,, in 
our conditions was equal to the latent period of the bioelectrical response since the 
axon was illuminated until the first action current appeared). Interrupted light with 
a duration of the light phase 4-5 times shorter than the dark one was the most effective. 
The value of ¢,,,., fell with an increase in intensity of light and on repeat photostimula- 
tion of the axon. For the first irradiation, ¢,,,, was usually several times higher than 
with subsequent ones. 


Sumation of the stimulatory effect of repeat flashes and reduction in ¢,,,,, during an 
experiment suggests that after the action of the light stimulus the excitability of the 
axon to light is increased. Apparently, there is a transitory rise in light excitability 
remaining after each subthreshold flash for several seconds and determining the great- 
est effectiveness of the ratio 7;.:Taare = 0°20-0-25 (with flicker frequency of 0-2-0-1 c/s) 
and a longer increase in excitability after threshold light lasting for the tens of minutes 
of the experiment. 


Increase in the excitability of the axon to light was accompanied by an increased 
excitability to electrical stimulation. This could be demonstrated by illuminating the 
axon and simultaneously stimulating it with a near-threshold electric pulse. On illu- 
mination, the local potential changed into a spike and the subthreshold stimulation 
reached threshold and remained there for seconds and tens of seconds. At the end of 
this period the light and electrical excitability returned to the initial levels. Usually, 
photo and electrical excitability changed in parallel. 


In conditions of reduced temperature and interrupted illumination, we were able 
to bring about a relatively high reproduceability of the process and to repeat photo- 
stimulation on the same axon up to 15-20 times. The absence of complete reproduce- 
ability was partially connected with the insufficient intensity of the light used by us 
and the comparatively long exposure. 
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BIOELECTRICAL RESPONSE OF THE AXON TO EXCITATION WITH LIGHT 


The first, most rapid reaction to light was depolarization of the axon occurring 
without an appreciable latent period. When the light fell on the stained part of the axon 
the oscillograph baseline instantaneously shifted upwards, then spontaneously or with 
darkness returned to the former position. Repolarization occurred more slowly over 
a period lasting tenths of a second to a second. Such a reaction to light was observed 
only with two dyes—eosin and neutral red. The depolarization reached 30-35 mV, 
in rare cases 60 mV. The slight displacement in the baseline (a few millivolts) was not 
accompanied by the appearance of an action potential, however, on repeat exposures 
to light the displacement increased and when the critical value was reached action cur- 
rents were discharged (Fig. 1). The action potentials in this case usually preceded or 
started in the period of depolarization but vanished as it developed. 


Cc 


FR 





Fic. 1. Depolarization of axon by action of light. a, b, increase in depolarization 
with successive illuminations; c, appearance of discharge of action currents after 
depolarization. 


The return of the baseline to the original level was again accompanied by discharge 
of spikes which often passed into prolonged rhythmical activity (up to 2-3 min). The 
duration of the activity was determined in these cases by the value of the preceding 
depolarization. 

In some cases with exposure to light of the axon stained with neutral red (in air) 
the first reaction was hyperpolarization of the axon. The downward shift in the baseline 
was accompanied by the appearance of oscillations of local potentials. Hyperpolari- 
zation reached 5-8 mV and after the light was switched off persisted for 30-50 sec. 
These immediale and comparatively long lasting states of depolarization and hyper- 
polarization were observed by us both in air and nitrogen. 

In many cases the only reaction to light was an action potential having the same 
value, duration and shape characteristic of electrical stimulation. Usually there was not 
a single electrical response to the threshold light pulse but a rhythmical multiple dis- 
charge. 


The appearance of rhythmical activity and a single spike potential could be ob- 
served in stages (Fig. 2). The response to the first flash was a single local potential, for 
succeeding flashes it increased and at the same time oscillations of the local potential 
were excited with fluctuations diminishing in amplitude. For subsequent flashes of 
light the local potential reached a critical value and a spike was formed which in turn 
excited the prolonged rhythmical spike activity. The duration of the rhythmical activ- 
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ity apparently corresponded to the state of enhanced light excitability remaining 
after irradiation. 

The action potentials recorded in the multiple response were not always stable; 
their shape, size and frequency changed with time. At first, their frequency was greater 
but after the first 2-3 spikes the time between them immediately increased 2-3 times 


Fic. 2. Development of local spike potential and rhythmical activity with applica- 

tion of light. a, local potential after single flash; b, oscillations of local potential; 

c, d, action potential and diminishing oscillations of local potential; e, rhythmical 
spike activity. 


Fic. 3. Rhythmical spike activity on photostimulation. 


and subsequently increased very slightly (Fig. 3). The amplitude of the action potential 
in the diminishing discharge of several spikes fell rapidly. In the prolonged rhythmical 
response the amplitude of the spike was stable or at times rose. As stated above, some- 
times the short discharge of spikes appeared together with slow depolarization and 
again appeared after repolarization of the axon in the form of rhythmical activity 
observed in nitrogen, air and oxygen. A characteristic feature of some stains was sus- 
tained rhythmical activity, in others it was transitory. Thus, the oscillatory activity after 
light excitation of the axon stained with methylene blue lasted more than 2 min where- 
as after staining with acridine orange the discharge consisted only of a few action 
currents. 


INHIBITION OF ELECTRICAL ACTIVITY BY LIGHT 
Light not only excites electrical activity but can reversibly depress it. This pheno- 
menon had previously been observed by us in the eosin-stained axon where during 
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continuous illumination a prolonged potential developed which periodically vanished 
and appeared afresh [5]. 

In the present experiments depression of the action potential was even more distinct 
on staining the axon with eosin, neutral red and saffranine. On illumination of the 
axon stimulated with a threshold current, rapid depression of the action current was 
observed. In some cases the action potential did not completely vanish but consider- 
ably diminished and after switching off the light was restored to the initial value. In 
most cases the action potential, despite prolonged stimulation vanished completely in 


J} 


a 








Fic. 4. Depression of action potential by light stimulus a. 


the light and was then restored in the dark after a certain time lapse—from a few to 
30-40 sec (Fig. 4). Sometimes, after single illumination of the nerve, the action current 
periodically to disappeared and reappeared, which indicates the rhythmical character 
of the process of inhibition. 

In other cases (with eosin) the process of inhibition was followed by excitation and 
illumination caused rapid disappearance of the action current and then the appearance 
of a discharge of action currents. Sometimes the changing states occurred in reverse 
order, the light causing at first a multiple discharge of spike potentials and then a pe- 
riod of blocking of the electrical reaction. In the period of inhibition there was no 
response to either electrical or a light stimulus. 

In the stained axon all the responses to light characteristic of the retina were obser- 
ved: “on”—response to switching on light (excitation or inhibition), “off”—to switch- 
ing off light (excitation) and “on-off” to switch off—switch on (excitation). 

Below we present information on photostimulation of the axon using various stains 
in different gaseous media. 

For the stains investigated by us the optimum conditions of photostimulation were 
produced in air (eosin, saffranine, methylene blue, thionine) and nitrogen (neutral red, 
acridine orange). 


However, the initial sensitivity to light i] for all the stains apart from eosin 
min 


was higher in oxygen than in air or nitrogen. A characteristic response to light for all 
stains was rhythmical activity. Inhibition by light of the action currents produced by 
electrical stimulation was observed only on staining with eosin, neutral red and rarely, 
saffranine. Slow depolarization together with rhythmical activity was characteristic of 
neutral red and eosin. Usually, light and electrical excitability existed and changed in 
parallel but on staining with saffranine in nitrogen instances of disappearance of pho- 
toexcitability before electrical excitability were observed. 
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DISCUSSION 

The photodynamic effect and photostimulation are based on a single primary mech- 
anism of excitation by the photon of the stain present in a complex with protein or 
lipoprotein. In conditions favouring transmission of the energy of the electron and 
utilization of it in secondary chemical reactions irreversible oxidation of the substrates 
occurs, i.e. photodynamic damage. In conditions of reduced temperature and dimi- 
nished utilization of free oxygen the course of these chemical reactions is retarded and 
the energy or the light is apparently utilized chiefly in the normal chain of processes 
involved in excitation. This phenomenum is reproducible. The possibility of separating 
the excited state from the subsequent irreversible oxidation was utilized by us for 
stimulation of the nerve with visible light. In an atmosphere of pure oxygen the photo- 
dynamic action of light is accelerated, which sharply reduces the reproduceability of 
the process of excitation. In the primary photochemical act of excitation of a substance 
with light, molecular oxygen does not have a réle to play. This was also confirmed for 
physiological excitation with light, since in our experiments photostimulation was also 
observed in nitrogen. From the experiments in nitrogen it also follows that the excited 
state of the dye can be transmitted not only to oxygen as is assumed in one of the hy- 
potheses explaining the mechanism of the photodynamic effect, but directly tu the 
molecule of the protein stain where the energy of the photon apparently can build up 
and exist for quite a long time. 

This was not so in some experiments in nitrogen (on staining with saffranine) where 
the electrical excitability of the axon persisted longer than the light excitability. Loss 
in light excitability in this case apparently was due to depletion by the internal resources 
of free oxygen. These facts suggest that for certain stain—substrate systems oxygen 
still has the basic rdle of electron acceptor on excitation with light. 

Our main experiments in nitrogen are not in agreement with the results of Chala- 
zonitis [4] who observed in nitrogen only reproduceable depression of spontaneous 
electrical activity but not excitation. From this he assigned the réle of electron acceptor 
on photoexcitation of the nerve only to oxygen. The explanation for the failure of the 
experiments of Chalazonitis may be the low initial sensitivity to light in nitrogen and 
the need for repeat exposures until a primary bioelectrical response is obtained. Cha- 
lazonitis did not make use of the possibility of summation of light pulses and sought 
to carry out the experiments in oxygen, where the sensitivity to light is higher but at 
the same time the photodynamic effect is great. 


Sensitivity of the axon to light iE) and the reproduceability of photoexcitation 
Cnin 
are associated with different mechanisms. The sensitivity of the axon to light is ap- 


parently determined by primary photochemical processes whereas reproduceability de- 
pends on the sum of conditions retarding the destructive oxidation of the substrate. 
The factors accelerating transmission of electron to the substrate, for example, intro- 
duction of citrate ion, increase the sensitivity of the first process. Factors retarding 
photodynamic destruction-lowered temperature and partial pressure of oxygen, short- 
ening of the light flash—increase the reproduceability of the process. 
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Of great importance for reproduceable photostimulation is the nature of the photo- 
sensitizer. The best conditions for repeat photostimulation are with neutral red, fol- 
lowed by eosin and saffranine. 

The sensitizing ability of the stain is not directly connected with its photodynamic 
efficiency. Thus, neutral red possesses a considerably lower photodynamic effect than 
eosin. However, it exceeds the latter in its ability to sensitize the axon to light. It is 
possible that this is connected with the ability of neutral red to penetrate easily within 
the fibre and stain a large mass of the axoplasm. The effectiveness of light in this case 
is apparently proportional to the number of molecules involved in the reaction. 

The ability of light to excite and depress the action potential and the parallel course 
of photo- and electrical excitability, indicate the common nature of the substrates acted 
upon by the electrical and light stimulus. This substrate in the case of light is a complex 
of stain and protein or lipoprotein with the stain acting as a chromophore group. With 
this substrate is connected the site of primary localization of excitation. Photochemical 
excitation of protein complexes is accompanied by physiological excitation. The phy- 
siological expression of the rise in energy level of the system is a rise in photo- and 
electrical excitability of the nerve after the first irradiation. Rise in excitability is ob- 
served not only in the stained and illuminated part of the axon but also beyond it (3 mm 
and more away) i.e. is transmitted along the fibre. The possibility of accumulation and 
migration of energy is known for protein systems; thus, from this fact we may again 
identify the nature of the excited substrates. 

The fact that the energy of light is summated on successive irradiations separated 
by a sufficiently long interval (measured in sec) suggests that the energy accumulates 
in the metastable state. 

The direct link between the light-excited protein substrate, depolarization of the 
axon and generation of an action potential still remains unclear. The nature of the 
intermediary processes can be judged by investigating the temperature dependence of- 
the latent period of the electrical response, the effect on it of the partial pressure of 
oxygen and certain substances with a specific effect. 

SUMMARY 

(1) Visible light causes excitation of the isolated giant axon of the cuttle-fish sensi- 
tized with dyes (neutral red, saffranine, eosin, methylene blue, etc.) in conditions of 
reduced temperature (6-8°). 

(2) The exciting effect of light is proportional to its intensity and inversely propor- 
tional to the duration of the light flash. With subthreshold intensity of the light sti- 
mulus, interrupted light with a ratio of durations of light and dark phases of 0:25-0:20 
is the most effective. 

(3) Brief illumination of the axon is accompanied by a rise in photo- and electrical 
excitability. The exciting effect of a number of subthreshold light pulses is summated 
to threshold strength. 

(4) Light excites the bioelectrical response of the axon: local potential, spike po- 
tential and rhythmical activity and also slow depolarization. The most characteristic 
reaction to light is a multiple discharge of spikes. 
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(5) Light reversibly depresses the action potential of the axon due to threshold 


electrical stimulaticn. 
(6) Light and electrical excitability of the axon exist and change in parallel in most 


cases. 

(7) Photostimulation is reproduced in oxygen, nitrogen and air. Reproduceability 
of the process in oxygen is lowest. In air and nitrogen the reproduceability is higher 
and the number of repeat photostimulations for the same axon may be 15-20. 

(8) The greatest sensitizing effect to light is produced by neutral red, followed by 
eosin and saffranine. The sensitizing capacity of the dye is not connected with its photo- 
dynamic activity and is determined apparently by its staining powers and the result- 
ant number of protein molecules of the substrate reacting with light. 
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THE most cogent and developed explanation of the nature of the action potential is 
the sodium theory. Its fundamental principle is that the action potential is regarded 
as the consequence of change in the permeability of the surface membrane, as a result 
of this change conditions arise for the rapid realization of the potential energy of the 
ionic gradients between the cell and medium [1-3]. 

However, alongside this theory there are other points of view [4-7] united by the 
common idea that the energy source of the action potential is to be found in certain 
chemical reactions activated by excitation. These views were most widely developed 
in general form by Mueller [8-10]. He considers the excitable substrate as a system 
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having two e.m.f., each of which is a function of chemical equilibria; the latter, in turn, 
are determined by the potential of the system. 


A definitive appraisal of these two trends is of fundamental importance for the 
theory of excitation. However, a large number of contradictory facts and the impossi- 
bility of determining the degree of their reliability handicap the solution of this prob- 
lem. An important link in the evaluation of these trends is detailed analysis of the 
behaviour of the electrical parameters of the excited nerve in various conditions of 
recording. This paper attempts such an analysis on the basis of preliminary experiments 
carried out on the island of Putyatin during the 1959 Pacific Ocean Expedition of the 
Institute of Biophysics. 


METHODS 


To record the resting and action potentials of the giant fibre of the squid we used 
intracellular recording by means of transverse insertion in the giant axon of a micro- 
electrode with a tip thickness less than a micron. The microelectrodes were filled with 
3M KCI solution. The microelectrode was directly connected to the signal grid of 
a cathode follower valve connected in the circuit proposed by Byzov and Bongard [11]. 
The output of the cathode follower was supplied to the input of the ENO-1 oscilloscope. 
For photorecording of the changes in the membrane potential from the screen of the 
oscillograph a single sweep was used. Stimulation of the nerve fibre was by square 
pulses with a frequency of about 10 c/s and duration of about 1 msec or from the ENO-1 
oscilloscope generator. 


In the original plan of the scheduled experiment it was intended to carefully dissect 
the giant axon. However, it was later found that in such conditions transverse inser- 
tion of the microelectrodes into the axon presents great difficulties since the axon in 
this case cannot be held with sufficient reliability. Therefore, we inserted the micro- 
electrode into the giant axon without separating it from the nerve trunk. Fig. 1 shows 
the general arrangement of the conditions for recording the resting potential (r.p.) and 
the action potential (a.p.) in our experiments. 
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Fic. 1. General layout of chamber and apparatus for intracellular recording of r.p. 
and a.p. of giant nerve fibre of squid. 
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The resistance of the microelectrodes varied from 10-30 MQ and the capacitance 
of the input together with the microelectrode was about 3-4 uuF. Therefore, the time 
constant varied within the limits 40-120 usec, leading apparently to a certain distortion 
in the action potential (the a.p. amplitude was andervalued by 10-15 mV and pro- 
longed it in time). The drift was 5-10 mV per hour. The experiments were carried out at 
20-24° on the squids of the species Ommastrephes pacificus Aloanei in August and 
September 1959. 


RESULTS OF EXPERIMENTS 
A. Preliminary measurements. Fig. 2(A) presents the a.p. obtained in the experi- 
mental conditions described above. The dotted line in this figure and in all subsequent 
ones corresponds to the zero value of the membrane potential (with the microelectrode 
outside the cell), the disposition of the oscillograph beam below the dotted line cor- 
responds to the situation when the microelectrode was negative with respect to the 
“inactive” electrode and above the dotted line to a positive microelectrode. 


Fic. 2. a.p. of giant fibre of squid in various experimental conditions. A, typical a.p. with 0-2 msec 


time marking; B and C, a.p. on stimulation at a frequency of 10 c/s and 100 c/s respectively; D, E, F, 
insertion of microelectrode in axon, withdrawal and repeat insertion. 


Figure 2(D), (E) and (F) show the behaviour of the membrane potential (m.p.) 
of the axon when stimulated with the tip of the microelectrode within the fibre (D) 
and (F) and outside the membrane (E). The magnitude of the jump of the beam on 
the oscillograph screen corresponded to the magnitude of the m.p. in the resting state. 
In the figures the value of the r.p. is about 65 mV and the a.p. 85 mV. Below is given 
a table showing the values of the a.p. and r.p. for the axons investigated by us. 

It is clear from the table that the average value of the m.p. of the squid axon at 
rest in our conditions was 54 mV which is close to the values obtained for longitudinal 
insertion of the microelectrode [1, 2]. For the action potential the average value was 
85 mV but, taking into account the correction for distortion on recording, it may be 
assumed that the genuine values of the a.p. were about 100 mV, i.e. also close to the 
values obtained in conditions of longitudinal recording. 

The shape of the action potentials in the figures given above is characteristic of the 
giant axon. We also observed a hyperpolarization phase which lasted longer than 
3 msec whereas the duration of the spike was about 1 msec. An interesting point is that 
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in our experiments disappearance of the hyperpolarization phase was observed with 
a rise in the frequency of stimulation from 10 c/s (Fig. 2(B)) to 100 c/s (Fig. 2(C)) and 
also with prolonged stimulation of the axon (Figs. 3 and 4). This phenomenon confirmes 
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Fic. 3. Behaviour of m.p. on upward movement of intracellular electrode as shown in scheme in this 
figure A, normal; B, C, D, E, successive moments of withdrawal of microelectrode from axon. 


the point of view of Hodgkin and Frankenhauser that over a small distance (300-500 A) 
outside the axon membrane there are certain structures offering a serious barrier to 
ionic diffusion [12]. 

These preliminary results show that in our conditions we recorded the normal ele- 
ctrophysiological reaction of the giant axon. This is also supported by experiments 
to elucidate the effect of raised concentrations of potassium ions in the external solu- 
tion on the electrical behaviour of the giant axon (Fig. 5). During a minute, as was to 
be expected, disappearance of the hyperpolarization phase was observed with a re- 
duction in the resting and action potential sand protraction of the falling phase. How- 
ever, a transitory appearance of a hump (D and E) was observed, to explain the nature 
of which further experiments are necessary. 

B. Behaviour of membrane potential on displacement of the intracellular electrode. 
Analysing the behaviour of the m.p. in the resting state and on excitation we noticed 
the variable behaviour of the membrane potential in these two states when the electrode 
was withdrawn from the axon or when it was lowered deeper into it. 

Figure 3 depicts the upward displacement on gradual withdrawal of the micro- 
electrode from the axon. Figure 3 shows (B, C and D) how sharply the resting potential 
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fell (to a firth) whereas the changes in the “overshoot” were insignificant (reduction 
of 1/5). Similar behaviour of the m.p. with withdrawal of the microelectrode was ob- 
served repeatedly in different axons. A sharp reduction in the r.p. was always observed 
and a comparatively negligible reduction of the action potential in the “overshoot” 
































G 
Fic. 4. Behaviour of m.p. on lowering intracellular electrode into axon, as shown in scheme. A, micro- 
electrode outside axon; B, normal position of intracellular electrode (see left part of scheme); C, D, E, 


F, G, H, successive moments of slight lowering of microelectrode (see right part of scheme); I, micro- 
electrode raised and at its normal position within axon, as in B. 


A quite different picture of the behaviour of the m.p. was observed in a number 
of experiments on lowering the microelectrode into the axon. Figure 4 presents the 
results of such an experiment for the various consecutive times on lowering the elec- 
trode. At first, on lowering the microelectrode the behaviour of the m.p. did not alter 
and was close to normal (Fig. 4(B)). However, after a certain time each slight (a few 
microns) lowering of the microelectrode led to a considerable change in the a.p.— 
reduction in amplitude and marked prolongation of the falling phase (Fig. 4(C), (D), 
(E), (F), (G), whereas the RP remained almost unchanged. Such a picture of change 
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in the a.p. of the giant squid axon was observed repeatedly on lowering the micro- 
electrode into the fibre. 


Axon Insertion | Diameter | Magnitude 
No. | ; | of axon, (u) | of r.p., (mV) | of a.p., (mV) 
260 56 

260 52 

200 58 

150 46 

150 55 

170 56 

140 

180 

170 

130 

150 


1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 


Fic. 5. Effect of 10-fold increase in concentration of potassium in external solution. 
A, normal; B, C, D, E, F, taken 20, 30, 40, 50 and 60 sec respectively after action 
of solution. 


DISCUSSION 


Hodgkin and Huxley on the basis of careful analysis of the facts obtained by the 
voltage clamp method [13] conclude that the kinetics of the a.p. in various experimental 
conditions can be successfully explained by the dynamics of change in the permeabi- 
lity of the membrane to sodium and potassium ions. Later, Mueller [10] showed that 
changes in the ionic fluxes with the voltage clamp method and consequently the kine- 
tics of the a.p. can be explained on the basis of the existence in the membrane or the 
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excitable substrate of two e.m.f. of opposite direction and shifted in time due to chem- 
ical reactions. Although the latter point of view does not relate generation of the a.p. 
to change in the permeability of the membrane, it must take into account the abrupt 
increase in the electrical conductivity of the membrane on excitation. Otherwise, leaving 
aside findings obtained by the method of electrical conductivity, such a point of view 
would not be able to explain the experiments on the behaviour of the r.p. and a.p. 














Fic. 6. Equivalent electrical circuits reflecting the two main approaches to the nature of the action 

potential. A, circuit corresponding to sodium theory; Rx and Ryg, resistance of membrane for K+ 

and Na* ions respectively; Ex and Ey,, potassium and sodium membrane potentials; C, capacitance 

of membrane; B, circuit corresponding to ideas that the energy source of the a.p. lies in definite chem- 

ical reactions activated on excitation; R, and Rs, elements depicting the membrane resistance; E, 

and E,, the electromotive forces appearing or changing as a result of activation of definite chemical 
reactions on excitation; C, membrane capacitance. 


Figure 6 presents two equivalent electrical circuits for the membrane of nerve fibres. 


The left circuit corresponds to the concepts of the sodium hypothesis. R, and Ry, are 
the values of the membrane resistance for K* and Na*. 

If R, < Ry, (resting state) the m.p. will be determined by the potassium potential E, 
On excitation the picture is reversed. In the right part of the figure is depicted the cir- 
cuit in which the origin of the action potential is connected only with the generation 
of two e.m.f.’s without taking into account change in permeability. Here E, and E, are 
the two hypothetical e.m.f.’s existing in the excitable system. In the resting state the po- 
tential of the excitable system is determined by £, and on excitation by E, (in connexion 
with a sharp increase in this parameter). 

As Fig. 6 shows, the essential difference between these two circuits is that in the 
first the electrical activity is connected with the dynamics of change in permeability, i.e. 
parameters R, and R,, and in the second with dynamics of change in the e.m.f.’s E, 
and E£,. As we have stated, both circuits quite successfully explain the kinetics of the 
action potential in various conditions [10, 13]. However, these two circuits are given 
a different interpretation on consideration of experiments with upward movement of 
the intracellular microelectrodes. 

In this case the above-described behaviour of the m.p. (Fig. 3) can be explained 
only by the fact that the result of withdrawing the electrode from the cell is to sharply 
increase the possibility of shunting the m.p. (see scheme Fig. 3). However, such exper- 
iments show that at rest the m.p. is shunted 25-30 times more strongly than on exci- 
tation (in Fig. 3(D) the m.p. in the resting state falls to about a fivth, whereas the “over- 
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shoot” drops only 1/5-1/4 of its original value). The sole explanation of such a differ- 
ence is that at the moment of excitation the resistance of the membrane of the squid 
giant fibre is about 25-30 times less than in the resting state. These figures are in agree- 
ment with the data obtained on measurement of the electrical conductivity of the 
giant axon in the resting state and on excitation [14, 15]. 

From the concepts of the sodium hypothesis one would expect similar behaviour 
of the electrical parameters of the nerve fibres (circuit A in Fig. 6). However, circuit B 
in Fig. 6 cannot explain the large shunting of the m.p. in the resting state as compared 
with the state of excitation. In this circuit on withdrawal of the intracellular electrode 
the “overshoot” ought to decrease to the same extent as the m.p. in the resting state. 
Consequently, the circuit relating the mechanism of a.p. solely to the kinetics of the e.m.f. 
and not allowing for change in the permeability of the membrane cannot explain the 
above described fact. 

Thus, recognition of the abrupt increase in the permeability of the membrane on 
excitation is strictly obligatory for any theory. However, if in the case of the sodium 
hypothesis the increase in permeability of the membrane on excitation organically de- 
rives from the concepts of the hypothesis, in the case of the second theory the rise in 
permeability is a “compulsory” condition which even to some degree presents a dif- 
ficulty, since in this respect the total e.m.f. producing the difference in the potentials at 
the membrane on excitation must be tens of times greater than the e.m.f. at rest in 
order to compensate for the sharp decrease in the membrane resistance. 


Interpretation of the behaviour of the membrane potential on lowering the micro- 
electrode into the axon is more complicated and as yet not quite clear. Apparently, the 
changes start to appear when the tip of the microelectrode approaches sufficiently close 
to the inner part of the membrane on the side opposite the site of insertion. Conditions 
are thereby probably created in which the microelectrode starts to record the changes 
in the m.p. over a smaller area close to the electrode diagram (Fig. 4). 

If we compare two extreme cases (Fig. 4 (B)) when the microelectrode in the axon 
is positioned in the usual way and (G) when the microelectrode is closest to the inner 
side of the membrane, we note the following: (a) the m.p. in the resting state is virtu- 
ally unchanged, (b) the a.p. is decreased to a quarter, (c) the time of the rising phase 
is virtually unchanged and (d) that time of the falling phase is more than doubled. 
Such a pattern of change cannot be ascribed, for example, to the considerable increase 
in the resistance around the tip of the microelectrode as it approaches the membrane 
since in this case the change in the shape and size of the action potential would be due 
to increase in the time constant, which would affect the increase in the duration of the 
rising phase of the action potential. 

Thus, it may be assumed that owing to the proximity of the tip of the microelectrode 
of the inner side of the membrane serious disturbances are observed in the formation 
of the a.p. If these are mechanical disturbances, then it must be concluded that the 
structures responsible for the action potential are located outside the membrane, which 
is unlikely. It is more reasonable to suppose that these disturbances in the formation 
of the a.p. are connected with an abrupt change in the ionic composition of the fluid 
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on the inner surface of the part of the membrane on which the potential is recorded. 
The sharp reduction in the a.p. and the protraction of the falling phase in the absence 
of changes in the r.p. were also noted by Kostyuk on intracellular recording from the 
fibres of the frog sartorius muscle [16]. He relates this to the progressive deterioration 
in the general condition of the membrane owing to mechanical damage by the micro- 
electrode. The phenomenon observed by us cannot be thus explained since the move- 
ment of the tip of the electrode to the centre of the fibre restores the normal action 
potential. Apparently, the ionic composition on the inner surface of this part of the 
membrane will essentially be determined by the solution with which the microelectrode 
is filled before the experiment. Hence, it seems to us that the design of the experiment 
described above may prove to be a new methodological procedure for analysing the 
behaviour of the m.p. in different solutions on the inner side of the membrane. Further 
analysis is required along the lines of the experiments described with the microelectro- 
des filled with different solutions. 


SUMMARY 
(1) The m.p. has been recorded in the giant nerve fibre of the squid Ommastrephes 
pacificus sloanei, using a microelectrode inserted transversly, in the state of rest and 
excitation in various experimental conditions (various frequencies of stimulation, raised 
concentrations of potassium ions). The value of the r.p. on average was 54 mV and 
the a.p. 85 mV. 
(2) Movement of the intracellular electrode upwards (see scheme in Fig. 3) sharply 


reduced the m.p. in the resting state whereas the amplitude of the “overshoot” remained- 
virtually unchanged. When the intracellular microelectrode was lowered deep into 
the axon a sharp reduction in the a.p. was observed after a certain time with prolonga- 
tion of the falling phase while the r.p. showed practically no change. 

(3) On the basis of the findings with intracellular movement of the microelectrodes 
two equivalent electrical circuits are considered reflecting the cocensus of opinion on 
the nature of the action potential. 


REFERENCES 


. HODGKIN, A. L., Biol. Rev. 26: 339, 1951 
. HODGKIN, A.L., Proc. Roy. Soc. B 148: 1, 1958 
3. LIBERMAN, Ye. A. and CHAILAKHYAN, L. M., Biofizika 4: 662, 1959* 

. LORENTES DE NO, R., A Study of Nerve Physiology, Vol. 1, p. 2, Rockefeller Institute for 
Medical Research, N. Y., 1947 

. KOMETIANI, P. A., Gagrskiye besedy. (Gagra Discussions.) Vol. 1, p. 51, Gruz. Akad. Nauk 
SSSR, Tbilisi, 1949 

. BERITASHVILI, I.S., Predisloviye k Gagrskim besedam. (Foreword to Gagra Discussions. 
Gagrskiye besedy, Vol. 1, Gruz. Akad. Nauk SSSR, Tbilisi, 1949 

. TROSHIN, A.S., Problema kletochnoi pronitsayemosti. (Problem of Cell Permeability.) Akad. 
Nauk SSSR Moscow-Leningrad, 1956 

. MUELLER, P.G., J. Gen. Physiol. 41: 137, 1958 

. MUELLER, P. G., J. Gen. Physiol. 41: 163, 1958 

. MUELLER, P.G., J. Gen. Physiol. 41: 193, 1958 

. BYZOV, A. L. and BONGARD, M. M., Fiziol. zh. SSSR 45: 111, 1959 





Action potential of the giant axon of the earthworm 


. FRANKENHAUSER, B. and HODGKIN, A. L., J. Physiol. 131: 341, 1956 
. HODGKIN, A. L. and HUXLEY, A. F., J. Physiol. 117: 500, 1952 


. COLE, K.S. and CURTIS, H.I., J. Gen. Physiol. 22: 649, 1939 
. COLE, K.S. and HODGKIN, A. L., J. Gen. Physiol. 22: 671, 1939 
. KOSTYUK, P. G., Biofizika 2: 401, 1957* 


* There is a translation into English of this work. 


EFFECT OF DINITROPHENOL ON THE TEMPERATURE 
DEPENDENCE OF THE ACTION POTENTIAL OF THE 
GIANT AXON OF THE EARTHWORM* 


V. F. ANTONOV 
Faculty of Fundamental Biology, of the Lomonosov State University, Moscow 


(Received 11 May 1960) 


IN explaining the nature of the generation of a potential in a nerve it is extremely impor- 
tant to determine the rdle occupied by metabolic biochemical reactions during nervous 
excitation. Change in the biochemical system produced by inhibitors is one of the 
methods of analysing metabolism in the living body. The physiological effect of 2 : 4 
dinitrophenol (DNP) is now quite clear. According to Simon [1], physiological con- 
centrations of DNP disrupt the chain of oxidative phosphorylation, depress metabolic 
processes and somewhat stimulate glycolysis. As the DNP concentration increases 
suppression of respiration and depression of all enzymatic reactions and denaturation 
of proteins is observed. Hogkin [2] has shown that the effect of DNP on the giant axon 
of the squid is to retard the active release of Na* from the cell on excitation. According 
to Caldwell [3] the effect of DNP on processes connected with excitation in the giant 
axon of the squid increases in proportion to the reduction in the pH of the external 
solution; on these grounds he advanced the view that the non-dissociated form of DNP 
penetrating the axon at low pH values is effective. On the other hand, the findings of 
Meves [4] indicate the influence of a reduction in the pH of Ringer’s solution on the 
passage of excitation along the frog nerve trunk. Vogel, Krause and John [5] found 
that after treating the frog nerve trunk with 2 10-*M DNP the refractory period and 
the falling phase of the action potential more closely depended on temperature than 
did the controls. 

In the literature [6, 7], the effect of temperature on the action potential of the nerve 
has been quite widely studied but the actual mechanism of this effect is still insuffi- 
ciently explained. However, the absence of a damaging effect of temperature on the 
nerve fibre over a wide temperature range has been established and this enabled us to 
make use of change in temperature to explain the effect of DNP on the processes of 
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excitation in the giant axon of the earthworm. Moreover, the combined effect of inhi- 
bitor and temperature may give valuable information on the character and mechanism 
of the temperature factor on the nerve fibre at the moment of excitation. In fact, study 
only of the temperature dependence of nervous excitation and conduction stul does 
not give a clear idea of the réle of metabolic processes and physicochemical processes 
of the non-activated diffusion type. These processes can be separated by studying the 
combined effect of temperature and inhibitors which block the individual metabolic 
links and thus make it possible to study the temperature dependence more accurately. 
The immediate object of this investigation was to study changes in the parameters of 
the action potential of the earthworm axon under the influence of temperature and DNP. 


METHODS 


The test object was the nerve chain of the earthworm Lumbricus terrestris. The 
conditions for keeping the worms, the technique of dissection, the method of recording 
the action potential and the arrangement for measuring the parameters have been de- 
scribed previously [6, 7]. We would briefly recall that monophasic extracellular record- 
ing in the fluid is employed. Monophasic conditions were achieved by crushing the 
nerve ending. The nerve was stimulated at a frequency of 0-1-0-3 c/s from a GRAKh 
type generator. The image of the nerve impulse on an ENO-1 oscillograph screen was 
photographed with a “Zenith” reflecting camera. The time marking was supplied from 
a ZG-10 external generator. The chamber was thermostated by means of a Vobzer 
ultrathermostat coupled to a refrigerating device. 

After 30 min osmotic equalization the nerve chain was placed into the recording 
chamber. The changes in the parameters of the action potential on reducing the tem- 
perature from +28 to +4°C were observed. Then the usual solution in the chamber 
was replaced over, the whole length of the nerve, by Ringer’s solution containing 
2 10-* M DNP at pH 7:2 and the nerve was kept in this solution for 1-5 hr without 
stimulation, after which the temperature dependence of the action potential was again 
measured. At a temperature of + 26° the nerve was washed for 40 min and the temper- 
ature dependence again measured. 

Part of the work was aimed at elucidating the problem of the effect of DNP on 
the action potential at low pH. In this case, Ringer’s solution containing 2 x 10-*M DNP 
at pH 6 was used. Changes in the parameters of the action potential with time were 
studied at various selected temperatures. 


EXPERIMENTAL RESULTS 

The measurements of amplitude of the action potential, the duration of the falling 
and rising phases and the rate of conduction showed a rapid fall in amplitude, change 
in the shape of the potential anda reduction in velocity due to DNP at pH 6. Figure 1 
shows the dependence of the amplitude of the action potential on the time the prepa- 
ration was in DNP solution at pH 6 of different temperatures. At a temperature of 
21-5°, after adding the solution the amplitude rapidly dropped and after 3 min the 
nerve ceased to be excited. The amplitude rose to the original value 20 min after the 
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start of washing. As the temperature was lowered the time for development of non- 
excitability and the time of complete restoration of the amplitude of the potential as 
a result of washing increased. 


a 








7) 30 mim 


Fic. 1. Change in amplitude of action potential of giant axon of earthworm with time on application 

of DNP (pH 6) at different temperatures. Ordinates, amplitude in relative units; abscissa, time in min. 

Arrows indicate addition of DNP solution and start of washing nerve. Experiment on 27 November 
1959. Explanation in text. 


From the data in Fig. 1 we can see the dependence of the amplitude of the action 
potential on temperature at a definite interval of time, for example, from the start of 


washing to the complete restoration of the shope and size of the action potential. In 
this case, with a change of temperature of 10° the amplitude varied by a factor of 1-5 
and was similar to the change in amplitude observed with the direct effect of tempera- 
ture on the action potential of the giant axon of the earthworm [7]. 

The control experiments in which the usual Ringer’s solution was replaced by 
Ringer’s solution with phosphate buffer at pH 6 but without DNP gave results similar 
to those described above, this suggests that the effects can be ascribed not to the pre- 
sence of DNP but to the direct effect of a high hydrogen ion concentration in the exter- 


nal solution. 


Fic. 2. Nerve impulse. a, normal conditions; b, 15 min after addition of DNP in Ringer’s solution 
at pH 6. Time marking 0-2 msec; temperature 17°C. Experiment on 17 December 1959. 


The second set of experiments was carried out with DNP solution at pH 7:2. Figu- 
res 2 and 3 show the comparative effect in time of DNP at different pH values. While 
in the neutral medium (pH 7:2) only the duration of the falling phase and the ampli- 
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tude of the action potential changed, in acid medium (pH 6) there was considerable 
change in the duration of the rising phase and amplitude. It should be noted that in 
acid medium the threshold for stimulation sharply rose. 


Fic. 3. Nerve impulse. a, normal conditions; b, 35 min after addition of DNP in Ringer’s solution 
at pH 7:2. Time marking 0:2 msec, temperature 16-5°C. Experiment on 23 December 1959. 


We used the experimental techniques described above and were able to show that 
in all experiments the temperature dependence, of the amplitude of the action poten- 
tial and the falling phase, after the effect of DNP at pH 7:2 is considerably greater than 
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Fic. 4. Typical curves relating amplitude of action potential of earthworm axon to temperature. Ordi- 


nates, amplitude in relative units; abscissa, temperature. 1, temperature dependence with DNP acting 
on nerve fibres (pH 7-2); 2, controls. Explanation in text. 


in the control (Figs. 4 and 5). DNP had no effect on the temperature dependence of 
the duration of the rising phase and the rate of conduction. The temperature depen- 
dence of the falling phase over the entire temperature range was of an exponential 
character and with a change of temperature of 10° changed on average by a factor 
of 3. While in the controls with a change in temperature of 10° the amplitude changed 
by a factor at 1-5, DNP increased this dependence so that on changing the temperature 
by 10° the amplitude changed by a factor of 1-8-2°0. 

Control experiments showed DNP in a high concentration (5 x 10-?M) had a mark- 
ed effect on the action potential; rapid fall in the amplitude and an increase in dura- 
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tion of the rising phase against a background of considerable rise in the threshold of 
stimulation. It was not possible in this case to wash off the nerve. The surface effect 
of DNP of such a concentration on the parameters of the action potential was similar 
to that of Ringer’s solution at pH 6. 
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Fic. 5. Typical curves relating duration of falling phase and temperature. Ordinates, duration of fal- 
ling phase (msec); abscissa, temperature. 1, temperature dependence with DNP acting on nerve fibre 
(pH 7-2); 2, controls. Explanation in text. 


DISCUSSION OF RESULTS 

It was of interest to compare the different effect of the action of DNP in a medium 
of different pH. With neutral pH the effect of DNP was expressed only in lengthening 
of the falling phase and reduction in the amplitude of the action potential. Lengthening 
of the falling phase was evidently associated with retardation of the restorative proces- 
ses, which is in agreement with the findings of Hodgkin [2] and other workers [5]. The 
cause of the effect of DNP on the amplitude of the action potential is not clear. It may 
be assumed that a direct part in the generation of the action potential is played by the 
metabolic link, suppression of which by DNP also accounts for the closer dependence 
of the amplitude of the action potential on temperature. Nor can we fail to ignore the 
fact that DNP results in change in the resistance of the surface structures of the nerve 
fibre during excitation with resulting change in the character of the temperature depen- 
dence of the amplitude of the action potential. From the findings of some workers [8] 
who observed change in the resting potential of the nerve under the action of metabolic 
inhibitors it may be assumed that the effect of DNP is to change the character of the 
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temperature dependence of the resting potential which brings in its train a correspond- 
ing change in the character of the temperature dependence of the amplitude of the 
action potential. 

In acid medium DNP apparently acts otherwise. In our experiments it was not 
possible to study the effect of the charged form of DNP in acid medium as was done 
by Caldwell [3] on the giant axon of the squid since the entire effect in our investiga- 
tion was due to the high hydrogen ion concentration of the external solution. Character- 
istic in this connexion were the rapid fall in the amplitude of the action potential, 
longer durations of the rising phase and latent period and the rise in the threshold of 
excitation. Similar effects have been observed by Meves [4] in the frog nerve trunk 
and in our experiments with the action on the nerve fibre of pre-blocking tempera- 
tures [6, 7] and concentrations of DNP (5 x 10-? M) known to be denaturating in neutral 
medium. Apparently this is connected with change in the permeability of the nerve 
due to the effect of a denaturating agent. 


SUMMARY 
(1) The effect of DNP on the temperature dependence of the action potential of 
the giant axon of the earthworm has been measured with extracellular recording over 
a temperature range of 4~-28°. 
(2) DNP in a concentration of 2 10-4M caused a reduction in the amplitude of 
the action potential and a longer duration of the falling phase. 
(3) The pH of the external solution was found to have a considerable influence on 


the amplitude and duration of the rising phase of the action potential. 

(4) The problem of the mechanism of the action of DNP and pH on the shape and 
magnitude of the action potential are discussed. 

We wish to take this opportunity to express our deep gratitude to our Director, 
B. N. Tarusov and B. N. Veprirtsev for their constant assistance and valuable advice. 
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THE problem of the existence of adaptation to raised temperature of the cells of multi- 
cellular animals living in warm habitats still remains an open one. The only work 
devoted to this problem, Aleksandrov, Galkovskaya and Lozina-Lozinskii [1], answers 
this in the negative for they did not discover any changes in the level of heat resistance 
of isolated muscles of ordinary lake frogs and frogs adapted to life in hot habitats. 


In our work a comparison was made of the reaction to raised temperature of the 
muscle tissue of lake frogs, Rana ridibunda, from warm habitats (“warm” frogs) with 
the corresponding reaction of the muscle tissue of the same species caught in ponds at 
normal temperature (“cold” frogs). The investigation was carried out on two lines: 
(1) study of change in excitability of the frog sartorius muscles in relation to tempera- 
tures compatible with the vital activity of muscle fibres; and (2) study of the reaction 
of the sartorius muscle to very high temperatures producing thermal death of the muscle 
fibres (determination of heat resistance). 

In the experiments on excitability, the frogs were caught in the Slavyanovsk Channel 
in Zheleznovodsk in North Caucasus (June) and in the experiments on heat resistance 
frogs were used from an Upper Menkoransk source in Istysu in the Azerbaidjan S.S.R. 
(beginning of September). At both places we chiefly came across adult frogs with an 
average length 6-8 cm. The greatest accumulation of frogs in the warm habitats of 
North Caucasus and in Talysh was observed at a temperature of the water of 29-34° 
and we never saw frogs in ponds with a temperature of the water above 34-6°. Measure- 
ment of the body temperature of the animals showed that in the overwhelming major- 
ity of cases it differed but little from the temperature of the surrounding water. Thus, 
the “warm” frogs investigated by us had, as a rule, a higher body temperature than 
the body temperature of the “cold” frogs the temperature of which did not exceed 29° 
[2] (temperature of “cold” frogs usually did not exceed 25-27° except on particularly 
hot days). 

When studying the effect of temperature on the excitability of frog sartorius muscles 
the strenght-duration curves of muscles at different temperatures [3] were determined. 
For this purpose the muscles were placed on silver electrodes of a condensor chrona- 
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ximeter and lowered into a vessel of aerated vaseline oil heated to a definite tempera- 
ture (varying from 20-37°). In each of the 105 experiments a threefold determination 
of the voltage-time curve was made: (1) controls at room temperature (20-22°); (2) at 
raised temperature (26—37°) 10 min after the start of heating of the muscle; (3) 10-15 min 
after restoring the muscle to a temperature of 20-22°, to investigate reversibility of 
changes in excitability produced by heating. The results were treated statistically and 
a graph plotted on log paper. 

In the control series of experiments, i.e. at a temperature of 20-22°, it was found 
that the muscle tissue of “cold” frogs has 15-30 per cent higher threshold of excitabi- 
lity than muscles of “warm” frogs (Fig. 1). The greatest difference in thresholds was 
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Fic. 1. Comparison of strength-duration curves of sartorius muscles of “cold” (1) and “warm” (2) 

frogs at temperature of 20-22°. Abscissa, logarithm of time (msec); ordinates, voltage (V). Arrow 

indicates duration of stimulation adequate for frog muscle fibres. Blank circles denote results of exper- 

iments in which the differences in the thresholds of the muscles of “warm” and “cold” frogs were 
insignificant. 


observed in the region of stimulations of average duration, close to 0-1 msec, which 
is for the muscle fibres physiologically adequate [3]. This difference in threshold has an 
interesting parallel in the different activity of many intracellular enzymes in animals 
acclimatized to high and low temperatures [4, 5]. 

Nasonov and Suzdal’skaya [6] and also Suzdal’skaya [7] nave established that with 
increase in temperature within limits compatible with normal functioning of the cell, 
a change in excitability of nerve and muscle fibres is observed: thresholds rise for pro- 
longed stimulations and diminish for short ones. Excitability to adequate stimuli, i.e. 
to stimulation of average duration, remains unchanged. On graphic representation of 
the results, such change in excitability is characterized by intersection of the voltage- 
time curves. According to Nasonov and Suzdal’skaya [6] this phenomenon is a regu- 
latory reaction of nerve and muscle fibres directed at maintaining constant excitability 
to adequate stimulations in conditions of variable temperatures. 

Such a regular shift in the strength-duration curves was observed by us in the mus- 
cles of “warm” frogs on changing the temperature from 20-30° and vice versa. As 
Fig. 2 shows the curves crossed precisely in the region of adequate durations of stimuli 
for muscle fibres, this indicates the maintenance of a constant level of thresholds in 
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this region of the stimulation duration scale. A notable feature was that in the muscles 
of the “cold” frogs the same change in temperature considerably lowered excitability 
to adequate stimuli (Fig. 2(b)). In the muscles of “warm” frogs such disturbance in 
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Fic. 2. Strength-duration curves of sartorius muscles of “warm” (a) and (c) and “cold” (b) and (d) 
frogs on heating and cooling. 1, during heating to 30° (a) and (b) or 37° (c) and (d); 2, after cooling 
to 20-22°; 3, before heating (at 20—-22°). Other notations as in Fig. 1. 


regulatory capacity was observed only at higher temperatures (Fig. 2(c)). Consequently 
the muscle fibres of “warm” frogs are capable of maintaining a constant level of ade- 
quate excitability at temperatures at which the muscle fibres of “cold” frogs no longer 
possess this capacity. 

The second factor from which we may infer a more marked ability of the muscle 
fibres of “warm” frogs for adaptation is the considerably smaller rise in thresholds 
with high temperatures as compared with the muscle fibres of “cold” frogs (Fig. 2(c) 
and (d)). Since the change in excitability was much greater in the region of long stimu- 
lations, the difference in the fall in excitability of the muscles of the “warm” and “cold” 
frogs stands out particularly vividly on comparing the rise in rheobase with increased 
temperature (Fig. 3). Thus, for example, with a change in temperature from 20 to 35° 
there was an increase in the rheobase of the muscles of the “cold” frogs by 60 per cent 
whereas such a change in temperature caused a rise in the rheobase of the muscles in 
“warm” frogs by less than 40 per cent (see Table 1). This difference was even more 
marked on heating the muscles to 37°. It is not without interest to note that heating the 
muscles to 35-37° which so sharply affected the rise in rheobase had essentially no 
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effect on change in the short-term excitability characterized by the constant “a” in 
the Hoorweg—Weiss equation. Variations in the value of this constant were irregular 
and lay, as a rule, within the limits of error of the method (see Table 1). 
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Fic. 3. Increase in rheobase of muscles of “warm” (T) and “cold” (X) frogs with 
increase in temperature. Abscissa, temperature (°C), ordinates, increase in rheobase, % 
of rheobase at 20-22°. 


Thus, our findings unambiguously point to a considerable difference in the reaction 
of muscle fibres of “cold” and “warm” frogs to rise in temperature. This difference 
is to be explained by the better ability of the muscle fibres of “warm” frogs to adapt 
themselves to temperature increases. 

In these experiments rise in temperature occurred within limits compatible with 
the specific functions of the cells. It was of interest to compare the reaction of muscle 
fibres of “cold” and “warm” frogs to maximum temperature, i.e. compare their heat 
resistance. 

In the warm habitats of Istysu in the Azerbaijan S.S.R. only 8 frogs were caught 
and therefore, in the study of the heat resistance of the muscles it was necessary to 
confine ourselves to determination of the survival time of the muscles at a single tem- 
perature. We estimated the heat resistance of muscle tissue by the time taken to bring 
about loss of excitability of muscles to rhythmic stimulation with an induction current 
when lowered into Ringer’s solution heated to 40°. 

The experiments showed that muscle tissue of frogs from warm habitats exhibited 
the same resistance to raised temperature as those from ordinary ponds. Thus, in frogs 
from the warm springs the average time in 8 experiments for loss of muscle excitability 
toset was 19-5 min with anerror of +0-73 min and for muscles of frogs living at a low- 
er temperature 19-2+0-78 min (average of 9 experiments). (An interesting point is 
that the level of heat resistance of the muscle fibres of “warm” and “cold” frogs from 
Talysh was considerably lower than the level of heat resistance of the muscles of the 
lake frogs from the south-west and northern parts of the Soviet Union including the 
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district of Pyatigorsk and Zheleznovodsk [1, 8]. Special investigations will be devoted 
to clarification of this problem.) Identical heat resistance of the muscle fibres of “cold” 
and “warm” frogs from the Slavyanovsk and Zheleznovodsk sources was earlier esta- 
blished by Aleksandrov, Galkovskaya and Lozina-Lozinskii [1] and in this work the 
time of survival of the muscles was studied not at the same, but at different tempera- 
tures. A similar result was obtained by Dzhamusova and Shapiro [9] in comparing the 
heat resistance of the muscle tissue of the gastropod molluscs Radix ovata from the 
Goryachinsk warm habitat of the Irkutsk region and from the cold Lake Baikal. All 
these findings show that no appreciable differences exist in the heat resistance of the 
tissues of animals inhabiting warm sources and ponds at normal temperature. 


Thus, using the same criterion of functional state (excitability) in the study of the 
effect of the same ecological factor (temperature) on the same muscle tissue, one can, 
in one case, observe marked adaptation of tissue, whereas in the other case it cannot 
be detected at all. 


The result of any experiment is determined by two factors; on the one hand, strength 
of temperature factor and on the other, duration of the electrical stimulus. In our 
experiments to detect an adaptatory change in muscle tissue it proved necessary to 
study the reaction to relatively weak temperature factors which still did not produce 
considerable damage to the cells. A further striking feature is that to detect the process 
of adaptation the most effective course was to use stimuli of long duration (0-1 msec 
and longer). In this case, the muscle fibres of “warm” frogs show physiological pro- 
cesses directed at maintaining a constant state of the cells in conditions of changing 
temperatures (homeostasis at cell level). 


Since, according to Aleksandrov, Galkovskaya and Lozina-Lozinskii [1] a few 
months before our work only small lake frogs (this years) were observed and adult 
ones were completely absent in the Slavyanovsk Channel in Zheleznovsk, it must be 
supposed that the adult frogs investigated by us from this source had been in condi- 
tions of raised temperature for not more than a few months. This means that the adapta- 
tive changes in the cells detected in our experiments is a matter of relatively rapid 
acclimatization brought about during ontogenesis but not in a succession of genera- 
tions. We attribute the possibility of the organism as a whole system existing in condi- 
tions of a variable environment to the presence of such cell adaptations [5, 10]. 


The temperature factor for threshold intensity with electrical stimulation of high 
strength but short duration (induction shocks) shows quite different properties of the 
cell. Since the heat resistance of the cells is determined by the heat resistance of the 
proteins constituting it, in this case the adaptatory properties of intracellular proteins 
are evaluated as much more conservative but no less important [10]. The level of heat 
resistance of the cells and proteins is a cytophysiological characteristic of species [11] 
and its adaptatory change apparently comes about in a number of generations (during 
phylogenesis). 

We wish to express our deep gratitude to our scientific colleague A. N. Vinogradova 
for assistance in carrying out the work. 
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SUMMARY 

(1) We found identical heat resistance of isolated sartorius muscle of the lake 
frogs Rana ridibunda collected in cold and warm habitats and characterized by the 
time taken for development of non-excitability of the muscles to electrical induction 
shocks. 

(2) Investigation of the change in the strength-duration curves of the muscles of 
these frogs with moderate heating showed that the muscle tissue of frogs adapted to 
warm habitats has marked temperature adaptation. The more complete adaptation of 
the muscles of “warm” frogs can be judged from the maintenance at a constant level 
of their excitability to stimulations of adequate duration at higher temperatures and 
also by the slower increase in the rheobase with rise in temperature. 

(3) The findings show that to detect the process of adaptation of muscle fibres 
arising in ontogenesis the effect of moderate heating must be studied and the muscle 
tested with stimuli of long duration. 
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CHANGES IN ELECTRICAL PARAMETERS OF SKELETAL 
MUSCLE TISSUE OF ANIMALS ACCLIMATIZED 
TO HYPOXIA* 


Z. I. BARBASHOVA and YU. YE. MOSKALENKO 
Sechenov Institute of Evolutionary Physiology, U.S.S.R. Academy of Sciences, Leningrad 
(Received 26 September 1960) 
IN the "forties Ginetsinskii and Barbashova [1] discovered increased resistance of the 


muscle tissue of warm-blooded animals to various damaging factors during acclima- 
tization to hypoxia. The possibility was inferred of a number of physicochemical chan- 
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ges at macromolecular and molecular levels appearing in the tissues of the organism 
during acclimatization to hypoxia. Such changes in the physicochemical structure of 
living tissues obviously determine their raised resistance to the damaging action of 
various agents. 

The inevitable sequel of these assumptions was a search for lines of investigation 
which could give a comparative characterization of the physicochemical properties of 
the tissues of normal animals and animals acclimatized to hypoxia. 

One of the possible ways of assessing change in the physicochemical properties of 
living tissues is analysis of electrical characteristics of tissues. Investigations in recent 
years [2-4] have shown that the nature of the change in electrical conductivity and the 
dielectric constant of living tissues over the range of low radiofrequencies is closely 
connected with the structure of living matter at macromolecular or tissue level. There- 
fore, to demonstrate possible changes in the body tissues during acclimatization to 
hypoxia our approach was to study the special frequency dependence of the electrical 
parameters of the tissues of animals acclimatized to hypoxia as compared with those 
of normal animals. 


METHODS 


Sexually mature male white rats weighing 250-300 g served as test object. Acclima- 
tization to hypoxia was by repeated “elevations to height” of 7600 m (280 mm Hg). 
The rats were kept in a low pressure chamber for 4 hr daily 6 times a week for 


a month. 
Study of the special frequency relations of the electrical characteristics of the body 


tissues was made with mass-produced radio equipment. The electrical parameters were 
measured on a MPP-300 full-conductivity bridge supplied by a ZG-12 generator. The 
indicator of the balance of the bridge was an EO-7 oscillograph. Variations in the 
electrical parameters of the test object could where necessary be recorded on photo- 
graphic film with a MPO-2 instrument linked through a detector to the output of the 
vertical deflexion amplifier of the EO-7 oscillograph. 

To measure the electrical characteristics of the muscle tissue the skin integuments 
were removed from part of the hip and silver electrodes 0-5 cm? in area inserted in 
a glass holder applied to the muscle. The electrode holder enabled the contact plates 
to be rigidly spaced at a fixed distance apart while maintaining the intactness of the 
test muscle. 

Experiments were conducted on rats under general urethane anaesthesia (1 ml 
of a 10 per cent solution of urethane per 100 g body weight intramuscularly). In all, 
20 tests were carried out in the acclimatized and control animals. 


RESULTS OF EXPERIMENTS AND DISCUSSION 
The results of measurements of the electrical parameters of the tissues showed that 
with a rise in the frequency of the current from 100 c/s to 200 kc/s the resistance of 
living tissues diminishes 2-3 times and the dielectric constant diminishes several 


times. 
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To analyse the special dependence of the values of the electrical parameters of living 
tissues on the frequency of the current it is convenient to use a derivative of these va- 
lues—the tangent of the dielectric loss angle equal to: 

P o 
tans = — = —, (1) 
R Qe 
where, o and « are the electrical conductivity and dielectric constant of the test tissue, 
R and X, values of the resistance and reactance between the electrodes, w = 2x the 
angular frequency of current used for measurement. 

Calculations from formula (1) showed that the frequency dependence of tan 3 of 
muscle tissue is in the form of a curve having a clearly marked peak at a certain fre- 
quency and the frequency for the maximum value of tand (tan,,3) has a definite value 
for the muscles of the animals investigated by us (see fig.). The limits of dispersion of 
the frequency tan,, 8 in the normal animals were 1150 to 1300 c/s (curve I). In the 
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Frequency dependence of dielectric loss of rat muscle tissue, I, control animals; 
II, acclimatized animals. 


muscle tissue of the rats acclimatized to hypoxia considerable changes in the tan,d 
were detected and the limits of dispersion of the frequency tan,,5 were from 750 to 
1100 c/s (curve II). 

One of the possible ways of explaining the changes in frequency dependence in the 
muscle tissue resulting from acclimatization to hypoxia derives from the general theory 
of dielectric losses of Debye [4], according to which the frequency of maximum die- 
lectric losses is determined by the expression: 


(2) 


where T is the absolute temperature, y, the coefficient of viscosity of the medium, a, the 
dimensions of the polar molecules of the test medium and k, the Boltzman constant. 

Investigations on the skeletal muscles of the frog [2] and on the surviving muscles 
of warm-blooded animals at various temperatures showed that the temperature shift 
in tan, fits Debye’s theory. 

According to the formula of Debye, as a number of workers have shown [2 and 
others], the dimensons of the structures resonating in the electrical field cannot be 
evaluated quantitatively in the region of low frequencies. However, formula (2) shows 
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that as a result of acclimatization to hypoxia there is a change in the value an, which 
depends on the macromolecular structure of the living tissue. It is possible that the 
acclimatization to hypoxia results in changes in the molecular bonds of non-chemical 
origin which (according to the view of Aladzhalova and Maslov) also produce shifts 
in the tan,,5. The value of the frequency shift of tan,,8 in the muscles of animals 
acclimatized to hypoxia is possibly influenced by changes in the properties of the mem- 
branes which (according to Schwan) considerably alter the frequency relations of 
electrical conductivity and the dielectric constant of living tissues in the low frequency 
range. 

Thus, biophysical analysis of the frequency relations of the electrical characteristics 
of muscle tissues shows that during acclimatization to hypoxia definite structural chan- 
ges occur in the muscles at macromolecular level. Further biophysical research into 
the frequency dependence of the electrical parameters of tissues will bring nearer an 
understanding of the quantitative and causal aspects of these changes. 
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RECEPTORS OF THE RETINA AND VISUAL PIGMENTS* 


O. Yu. ORLOV 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 25 May 1960) 


THE method of colorimetry when applied to animals [1-4] enables one to investigate 
the system of light-sensitive receptors of the eye—their number and the relative spectra 
sensitivity of each. This method gives apparently an exhaustive answer to the question 
as to whether and to what extent, the eye is capable of discriminating colours. But if 
we are concerned not only with the light discriminatory potentialities of the eye but 
also the mechanism ensuring them then we must use other methods. It is known that 
the sensitivity of the rod apparatus of man and many animals depends on the absorption 
spectrum of rhodopsin and therefore, it is natural to attempt to elucidate the link be- 
tween the receptors and visual pigments. 

The colorimetric method has already been used to study the vision of a number 
of animals—vertebrates and insects. In the present article these results are compared 
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with the information obtained by study of the absorption spectra of visual pigments, 
Comparison of the electrophysiological and spectroscopic findings is not new [5, 6]. 
but such comparison has still not been made for the results obtained by colorimetry. 
The colorimetric method has some important advantages over other methods [4]. For 
example, it allows us to determine the spectral characteristics of receptors having sim- 
ilar rates of adaptation and working ranges of intensity. Study of such receptors by 
other methods is extremely difficult. 

For the eye to be able to distinguish colours there must be in the retina at least two 
receptors with different spectral characteristics (i.e. with different relative spectral sen- 
sitivity). These receptors may be, for example, receptors with two different visual pig- 
ments. Therefore, in the retina of animals discriminating colours one can expect to find 
several visual pigments. In precisely the same way one can judge by the presence in the 
retina of several pigments the possibility of colour vision in the animal [7]. 

Apparently, in many cases the number of receptors in the retina is equal to the 
number of visual pigments but this relation may be more complex. Thus, colour discri- 
mination is possible with the same light-sensitive substance in all the receptors if some 
of the receptors are covered with colour filters. This possibility is the basis of the well- 
known hypothesis of Schulz on the réle of intracone filters in the retina of birds and 
reptiles. In this case, several receptors might correspond to one visual pigment. The 
opposite is also possible when several pigments correspond to only one receptor. Thus, 
in some animals during metamorphosis or in experimental conditions, it is possible 
to observe gradual replacement of one rod pigment by another (rhodopsin by porphy- 
ropsin or vice versa [7, 8]). It is very likely that in the intermediate moments when in 
the rods both pigments are present, the rods are still unable to effect colour discrimi- 
nation and a mechanical mixture of these two pigments is manifest as a single receptor 
with a certain intermediary spectral characteristic. 

Thus, it is of interest to see whether the presence of certain known visual pigments 
or their combinations can explain the spectral characteristics of the receptors and the 
actual relations between the number of receptors and the visual pigments encountered 
in animals. 

To facilitate exposition we shall recall certain well-known results in the study of 
visual pigments. 

The relation between the absorption spectrum of rhodopsin and the spectral sensi- 
tivity of the rods has long been known and well studied. The cone pigments were disco- 
vered and have been studied only in comparatively recent times (1937-1955) by Ward 
and co-workers [9-11]. The first cone pigment isolated from the retina (chick) and called 
iodopsin has spectral properties satisfactorily explaining the phototopic (cone) sensi- 
tivity not only of the chick but of a number of other animals [11]. Therefore, it may 
be supposed that cone pigments with similar spectral characteristics are encountered 
in extremely diverse animals. 

Biochemical and spectroscopic investigations of the visual pigments [12] have shown 
that from the position of the absorption maximum in the spectrum the pigments can be 
divided into several groups depending on their biochemical composition. The molecule 
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of visual pigment consists of two main parts; an uncoloured protein (so-called opsin) 
and a chromophore (retinene). Retinene is the aldehyde of vitamin A. The diversity 
of absorption spectra of the pigments depends on the differences in the properties of 
the opsins. In particular, a distinct difference between the rod and cone pigments of 
the same animal (chick, carp, etc.) depends on differences between the rod opsin: (sco- 
topsin) and cone (photopsin). However, there are differences in the absorption spectra 
which also depend on the nature of the retinenes; retinene, and retinene, are distin- 
guished—the aldehydes of vitamin A, and A, respectively. 

Thus, four possible combinations of two types of opsins and two retinenes give 
four groups of pigments with the following characteristic positions of the absorption 
maxima in the spectrum: 


Retinene Scotopsin (rod) Opsin Photopsin (cone) 
Retinene, Rhodopsin 500 mu Iodopsin 562 mu 
Retinene, Porphyropsin 522 mu Cyanopsin 620 mu 


The positions of the maxima given must be considered characteristic but not strictly 
obligatory. The same names include a large number of pigments similar but not quite 
identical in spectral properties, pigments of the same histological origin and containing 
the same chromophore. In the majority of cases animals possess pigments including 
retinene of only one type and therefore, in the mixed retina the pigments are combined 
in pairs forming the system retinene, (rhodopsin and iodopsin) or retinene, (porphy- 
ropsin and cyanopsin). 


MATERIAL AND METHODS 


In the present article as well as our own data, obtained on the axolotl, triton, toad, 
tortoise, guinea-pig and crow, the results of the work of other colleagues in the Labo- 
ratory of Vision were utilized. From the published work of Bongard and Mazokhin- 
Porshnyakov we used information on the receptors of frogs [1] and insects [2, 3]; the 
results of experiments with fish were obtained by Smirnov and Protasov in the Seva- 
stopol Biological Station in 1953. 

The technique of colorimetry in animals, including setting up of two variants of 
colorimeters, and the apparatus for recording the electrical responses of the eyes of 
animals has already been outlined in a number of papers [1-3]. The apparatus and 
techniques used during the experiments on vertebrates were similar to those in these 
articles. 

In the experiments on vertebrates the anterior media of the eyes were always re- 
moved. In work with eye-nerve preparations (frog, tortoise and starred sturgeon) this was 
necessary for aeration of the retina; in work with small specimens (triton, axolotl) and 
with anaesthetized animals (other species of fish, warm-blooded animals) it was nec- 
essary in order to connect the electrode to the retina or the papilla of the optic nerve. 
In the eye-nerve preparations the impulses in the optic nerve, in other cases the reaction 
of a group of ganglion cells were recorded by microelectrodes. 
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For comparison with the absorption spectra of the pigments, all the data were con- 
verted to an equi-quantum spectrum and expressed as a ratio of the maximum. The 
absorption spectra of the pigments were taken from the paper by Ward [6]. 


RESULTS AND THEIR ANALYSIS 
In the simplest case the retina of the animal contains a single receptor. Such an 
animal is an achromate, i.e. cannot discriminate colours. As was to be expected, ani- 
mals which proved to be achromates are those in which the retina contains almost 
exclusively rods; guines-pig and of the fishes rays (Raja) and dog-fish (Squalus). The 
receptors of these animals are similar to each other and their absorption spectra satis- 
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Fic. 1. Receptors of achromate animals and visual pigments. a, absorption spectrum of rhodopsin and 

spectral characteristics of receptors of rod achromates; 1, guinea-pig; 2, ray; 3, Granit’s threshold data 

obtained in guinea-pig (6); b, absorption spectrum of iodopsin and spectral characteristics of receptor 
of starred sturgeon (1) and threshold curve of crow (2). Ordinates, absorption and sensitivity. 


factorily agree with the spectrum of rhodopsin (Fig. 1). A different spectral character- 
istic was shown by the only receptor detected for the starred sturgeon (Acipenser stel- 
latus) with a maximum at about 560 my which is fairly close to the absorption spectrum 
of iodopsin (Fig. 1(b)). The retina of this fish contains both cones and rods, the latter 
being more numerous. Therefore, it remains incomprehensible why the work of the 
rods was not apparent in the form of a separate receptor; the eye was not specially 
adapted to light. 

The threshold curve for the crow (Corvus corone) was similar to the curve of the re- 
ceptor of the starred sturgeon. Good agreement with the spectrum of iodopsin is ob- 
vious (Fig. 1(b) 2). It should be borne in mind, however, that this curve was obtained 
by the threshold and not the colorimetric method. Therefore, it cannot be considered 
as the spectral characteristic of the receptor. 

In a number of the animals investigated the presence of two light sensitive recep- 
tors was established. The lake and grass frogs (Rana ridibunda and R. temporaria)— 
the first animals to be investigated by the colorimetric method [1]—have two receptors. 
Comparison of the spectral characteristics of the receptors of the frogs with the absorp- 
tion spectra of rhodopsin and iodopsin shows quite satisfactory agreement (Fig. 2(a)) 
of the colorimetric data obtained on the lake frog with the spectroscopic results obtain- 
ed for the chick. For the grass frog this coincidence was somewhat poorer; the long- 
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wave (cone) receptors in this species and in the lake frog differ significantly [1]. Since 
it is known that the pigments of even allied species can appreciably differ, their com- 
mon position in the spectrum was important to us. The receptors of the toad (Bufo, 
bufo) the dab and apparently, the grey mullet (Fig. 2(b)) are similar to those of the frog. 
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Fic. 2. Receptors of dichromate animals and pigments of retinene, system—rhodopsin and iodopsin. 
a, spectral characteristics of receptors of lake frog determined by the colorimetric method (1) and from 
threshold data of Granit (2); b, spectral characteristics of toad receptors (1); grey mullet (2). 


In the cases discussed above the receptors found can be identified with rhodopsin 
or iodopsin—pigments of the retinene system. The characteristics of the receptors of 
the axolotl] (Amblystoma tigrinum) and some other animals can be explained by the 
presence of pigments of the retinene, system (Fig. 3). The sensitivity of the longwave 
receptor of the axolotl is very close to the absorption spectrum cf cyanopsin. With 
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Fic. 3. Spectral characteristics of axolotl receptors (1); longwave (2) and shortwave 
(3) carp receptors and pigments of retinene, system—porphyropsin and cyanopsin. 


regard to the shortwave receptor it is known from the published findings [8] that the 
axolotl may possess either vitamin A, or A, or even both. If the retina in this case 
contains a mixture of porphyropsin and rhodopsin, the sensitivity of the receptor may 
depend on the absorption spectrum of this mixture. This satisfactorily explains the 
intermediate position of the maximum of the rod receptor (about 510 mu) as compared 
with rhodopsin and porphyropsin and its appreciably higher sensitivity, than for rho- 
dopsin, in the orange-red (about 600 mu) portion of the spectrum. 
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Judging by the high sensitivity in the far red of the spectrum the newt (Triturus 
cristatus) also possesses a cone receptor of the cyanopsin type. The same may be said 
also of the receptors of the carp, the preliminary colorimetric data for which are still 
insufficient to speak of established spectral characteristics. 

Together with animals whose receptors can without seriour error be identified with 
particular known visual pigments, others are also encountered for which it is not pos- 
sible to draw such a parallel. Thus, the tortoise (Testudo horsfieldi) having a purely 
cone retina, possesses two receptors. It is quite natural that neither of them is similar 
to known rod pigments (Fig. 4(a)) but it is not possible to establish sufficient similarity 
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Fic. 4. Spectral characteristics, unlike known visual pigments, of receptors of some animals. a, long- 
wave (1) and shortwave (2) receptors of tortoise and absorption spectrum of cyanopsin: b, rhodopsin 
and receptors of insects; (1) and (2) house fly receptors, (3) and (4) dragon fly receptors. 


with the cone pigments. The characteristics of the receptors are close to the spectra 
of the known cone pigments in the position of their maxima (565 and 620 my) but 
differ in such a characteristic feature as the width of the half-band (the interval in the 
spectrum where absorption, or correspondingly sensitivity, constitutes half the maxi- 
mum); for most pigments the half band amounts to not less than 100 my and for por- 
phyropsin and cyanopsin even 130 mu. Half bands of the receptors of the tortoise are 
far lower—60 and 80 mu. 

In the insects investigated—the house fly (Musca domestica) and the dragonfly 
(Libellula) are also found to have two receptors each [2, 3]. Their longwave receptors, 
like the receptors of the tortoise, differ from the known cone pigments in their narrow 
half band. The shortwave receptors of these insects and the lavae of the dragonfly are 
much more similar to the rod receptors and pigment of vertebrates. If we remember 
that absorption of the pigment depends on the properties of protein—opsin then of 
fundamental importance are precisely those features of similarity of the receptors (and 
probably the pigments) in such diverse groups of animals as insects and vertebrates. 
Similarity in the shortwave receptors applies not only to the spectral characteristics. 
The capacity for much more thorough dark adaptation supplements this similarity, 
increasing the resemblance of the shortwave receptors of insects to the rod receptors 
and the longwave receptors to the cone receptors of vertebrates. Thus, as a whole, the 
system of receptors of the house fly and dragonfly resemble the system of receptors 
of vertebrates with a mixed retina (Fig. 4(b)). 
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DISCUSSION 


The spectral characteristics of the receptors of a number of vertebrates obtained 
by the colorimetric technique are in good agreement with the absorption spectra of 
known visual pigments. This concordance was observed not only for pigments and 
receptors examined separately but also for their combinations. The system of receptors 
of two species of frogs, toad and grey mullet can be identified with the system of reti- 
nene, pigments and the longwave receptor of the axolotl and the receptors of the carp 
with the pigments of the retinene, system. Thus, the results of studying the visual pig- 
ments explain the characteristics of the receptors and enable us to systematize the 
combinations of them that have been found. 

The visual pigments of most of the animals used experimentally have not been stu- 
died. The results outlined show which pigments can be isolated in the animals studied 
by the colorimetric method. These results also show the soundness of Wald’s assump- 
tion [11] on the similarity of the cone pigments of different animals—as with the simi- 
larity of rod pigments. 

It is of interest to compare the threshold results of Granit [5], used by Wald, with 
those given by the colorimetric method. Both methods were used to study the guinea- 
pig, frog and tortoise. The results obtained on the guinea-pig and frog coincide, the 
results for the tortoise appreciably differ. It is not difficult to explain this. The thre- 
shold method (and probably any other method e.g. the method of equal electrical res- 
ponses) on the one hand, and the colorimetric, on the other, give the same results in 
all cases when one receptor functions in the retina. It is immaterial in this respect whe th- 
er the retina contains only one receptor (as in the guinea-pig) or whether the work of 
the receptors can be separated. In the frog the rods and cones, representing two differ- 
ent receptors, differ not only in spectral sensitivity but also in the rate and final level 
of adaptation. At low levels of luminosity virtually only the rods operate, immediately 
after strong light adaptation the rapidly adapting cones come into operation. Such 
a division in the work of the receptor, based on the different properties of the rod and 
cone mechanisms, is complete for the mixed retina. 

It is a different matter when different receptors are connected with one and the 
same apparatus (for example, the cone apparatus in the tortoise). It is very difficult 
to divide the work of such receptors and the threshold curve represents the sum of the 
sensitivity curves of certain coefficients of the receptors. It is precisely because of this 
that the threshold curve of the crow should not be considered as a characteristic of the 
receptor; for the same reason the curves for the grecian tortoise (7. graeca) obtained 
by Granit are not similar to any of the receptors of the steppe tortoise although it is 
probable that both species have identical receptors. On such an object as the tortoise 
the advantages of the colorimetric method are particularly obvious, enabling one to 
determine spectral characteristics of receptors simultaneously functioning [1, 4]. It is 
probably just as difficult to divide the work of the receptors of the tortoise as the work 
of the cone receptors of man, the spectral characteristics of which have been very 
fully studied by the colorimetric method. On the other hand, man, like the frog, posses- 
ses a mixed retina and by selecting the experimental conditions we can obtain a rod 
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(scotopic) or cone (phototopic) curve for the human eye. This example shows that 
after separating by selective adaptation the work of the cone or rod apparatus, we still 
cannot be certain that the individual receptor has been isolated. Only the colorimetric 
method can finally decide the question of the number of functioning receptors. 


Among the animals investigated by the colorimetric method the tortoise is a parti- 
cularly interesting specimen. In fact, the other vertebrates studied with two receptors 
have a mixed retina. Two types of receptor units are matched by two light-sensitive 
receptors coinciding with the two visual pigments characteristic of the rods and cone. 
Both receptors of the tortoise are cone. Several possible mechanisms of colour discri- 
mination with such an arrangement of the retina can be conceived. For exampie, the 
two receptors may have as their counterpart two different visual pigments so that the 
characteristic of each receptor corresponds to the absorption of one of the pigments. 
A different mechanism is also possible; in the retina of the tortoise there are intracone 
colour filters (stained spheres) and colour discrimination could come about by means 
of the filters with a single light-sensitive pigment in all the cones. Knowing the spectral 
characteristics of the receptors of the tortoise found by the colorimetric method, it is 
possible to indicate the spectral sensitivity which should be displayed by the outer 
parts of the cones and what should be the transmission curve of the colour filters for 
the assumed mechanism. The spectral sensitivity of the outer parts of the cones must 
be intermediate between the characteristics of the receptors and equal to their sum, 
with certain positive coefficients for each. The spectrum of the Grecian tortoise (T. grae- 
ca) found by Granit [5] is similar to the cyanopsin curve and the presence in the tor- 
toise of vitamin A, [10] confirms the possibility of the presence of cyanopsin in the 
tortoise. This, of course, does not demonstrate the participation of cyanopsin in the 
sight of the tortoise. The phototopic curve of the human eye, representing a combina- 
tion of the sensitivity curves of the receptors, is close to the absorption curve of iodo- 
psin. The presence in man of rhodopsin, also a pigment of the retinene, system would 
agree with the presence of iodopsin. And yet in the human cones apparently there is 
no iodopsin. 

The problem of the mechanism of colour discrimination in the tortoise remains an 
open one, in the same way as the very important problem of whether the two receptors 
of the tortoise are located in different cones or in the same ones, i.e. how many recep- 
tors each cone of the tortoise contains. In fact, in animals like frogs having colour dis- 
crimination by means of rod and cone receptors, each receptor unit (rod or cone) 
contains only one receptor and the different receptors are to be found in the receptor 
units of different types. With the filter mechanism, the cones with and without a filter 
would contain different receptors, i.e. in this case the different receptors would also 
be in different receptor units (although of one type). If the receptors are not coupled 
with filters, they may be present jointly in one cone. This possibility has now been de- 
monstrated experimentally; it follows from the experiments of Smirnov [13] on the 
resolving power of the human eye for different wavelengths that in man each cone con- 
tains all three cone receptors. It is not to be excluded that in the tortoise and other 
animals having colour vision but with a retina with receptor units of one type each 
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receptor unit will also contain several receptors. Interesting results may be given by 
geckos which possibly possess colour vision [7] with a purely rod retina. 


SUMMARY 

(1) The colorimetric method has been applied to study the colour vision of ani- 
mals—the number of receptors and their spectral characteristics. The characteristics 
of the receptors have been compared with the absorption spectra of some known visual 
pigments. 

(2) In a number of cases the sensitivity of the receptors can be explained by the 
presence of a particular pigment. Receptors corresponding to the pigments of the reti- 
nene, system—rhodopsin or iodopsin were found in Raja, Squalus, Acipenser stellatus, 
the grey mullet, the dab, frogs, the toad and the guinea-pig. The threshold curve of the 
crow coincides with the absorption curve of iodopsin. The receptors of the carp, axo- 
lotl and probably the newt, are close to the spectra of porphyropsin and cyanopsin— 
pigments of the retinene, system. Thus, the biochemical and spectroscopic findings 
also explain and make possible the systematization of the characteristics of receptors 
and their combinations. 

(3) Among the animals studied Raja, Squalus, Acipenser stellatus and guinea-pig 
have one receptor. The grey mullet, dab, carp, frog, toad and tortoise have two recep- 
tors and consequently, can discriminate colours. The fish and amphibia studied possess 
a mixed retina and the combination of rod and cone receptors makes it possible to 
discriminate colours. Both receptors of the tortoise are cones. The spectral character- 
istics of the receptors of the tortoise cannot be attributed to the presence of known 
visual pigments. 

(4) The receptor systems of the house fly and dragonfly are close to the system of 
receptors of vertebrates with a mixed retina. The shortwave receptors of insects, both 
in their ability to adapt and spectral sensitivity, are similar to the rod receptors; the 
longwave receptors are similar to the cone receptors in their position in the spectrum. 
However, position of the absorption maxima and the narrow width of the half-bands 
do not allow their spectral characteristics to be associated with known visual pigments. 

The author wishes to express his deep gratitude to the team of the Laboratory of 
Vision for help in the work and discussion of results. 
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SIGNIFICANCE OF REDOX CONDITIONS 
IN REGENERATION OF CALLUS AND ROOTS 
OF BEAN CUTTINGS* 


N. A. GORLANOV 


Gorki Lobochevskii State University 
(Received 26 March 1960) 


EXTENSIVE work [1-6] has established that the character of growth and production of 
form in plant tissues largely depend on the level, intensity and direction of redox pro- 
cesses. Turetskaya [7-10] has experimentally demonstrated an increase in the activity 
of the oxidative enzymes peroxidase and polyphenoloxidase in cuttings treated with 
growth stimulators on taking root. She considers that redox processes are of great 
importance in the regeneration of tissues and in the metabolism of nitrogenous sub- 
stances. However, the degree and nature of the interrelation between the redox proces- 
ses in tissues and the peculiarity of callus and root formation in cuttings are still far 
from clear. 

This article is devoted to study of redox systems of the tissues of bean cuttings 
treated with a stimulatory dose of heteroauxin (BINU) at different periods of callus 
and root formation and to elucidation of the possibility of controlling the intensity of 
root formation by altering these conditions through various external factors. 

To characterize the redox system of the tissues of bean cuttings on root formation, 
we determined the redox potential (Eh), the aerobic index (rH), hydrogen ion con- 
centration (pH) and the intensity of respiration. Further, we measured the bioelectric 
potential of the regenerating tissue since a number of workers, including ourselves, 
have shown in bean cuttings the presence of a definite connexion between the redox 
and bioelectric potentials. We were also interested in the process of translocation of 
substances and change in the nitrogenous metabolism occurring on regeneration of 
the roots in the cuttings. 

The test object was 10-day old bean seedlings of the Borskaya variety. Cultivation 
of the plants, cutting and rooting the grafts were by the method of Turetskaya [11]. 

The pH and Eh were determined by an electrometric method; the latter was meas- 
ured in an atmosphere of nitrogen [12]. The intensity of respiration was determined 
manometrically in a Warburg apparatus and by the method of Ivanov. The potential 
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difference (p.d.) was measured by means of a value voltmeter employing one 1E1P type 
electrometer valve [13]. We used calomel electrodes which were connected through an 
intermediate link (agar + KC1) to a contact instrument (Fig. 1). The translocation of 


Fic. 1. Contact device for measurement of bioelectric potential and arrangement 
for application of electrodes. 1, agar + KC1; 2, agar + water: 3, water; 4, camel 
hair brush wetted with water; 5, bean cutting. 


matter was studied by means of the isotope technique by introducing 14C into the 
plants in the form of *CO, in photosynthesis. The activity of the samples of the various 
parts of the cuttings was measured on a B-2 device with a MST-17 counter. In the 
study on nitrogen metabolism the paper chromatography method was used [14-16]. 
The amino acids were determined qualitatively, and in a relative manner quantitatively, 
by means of a FEK-M photoelectric colorimeter. Spots of the amino acids stained 
with ninhydrin were eluted with 50% spirit (6 hr after treatment with ninhydrin) and 
assayed from their optical density using a filter transmitting light of wavelength 530 mu- 


CHANGED REDOX SYSTEM IN BEAN CUTTINGS DURING CALLUS AND 
ROOT FORMATION ON TREATMENT WITH HETEROAUXIN 

The different relevant indications of the redox system of the cuttings were measured 
separately in the leaves, in the epicotyls, in the top and lower parts of the hypocotyls 
(site of root formation) at three stages of rooting in fresh cuttings (10 day seedlings), 
in cuttings with maximum callus development (fourth day from the start of rooting 
and in cuttings with roots (on the eighth day from the start of rooting). This set of 
experiments had two variants: in the first the cutting was treated with a stimulatory 
dose of BINU by immersing the fresh cutting in solution of this substance at a con- 
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centration of 75 mg/l for 2:5 hr; in the second variant (the control) the cuttings were 
not treated with BINU. 


TABLE 1. CHANGE IN Eh (IN VOLTS), TH AND pH IN TISSUES OF BEAN CUTTINGS TREATED 


WITH HETEROAUXIN 





Variant 


Parts of plants 





Leaves 


Epicotyls 


Upper parts of 
hypocotyls 


Lower parts of 
hypocotyls 





Fresh cuttings 
Eh 
rH 
pH 


With callus: 

Untreated 
Eh 
rH 
pH 


Eh 
rH 
pH 


With roots: 

Untreated 
Eh 
rH 
pH 


BINU 
Eh 
rH 
pH 


0:2131+0-0018 
19-5 
6:1 


0-2498 + 0:0042 
20-0 
5°7 


0-2870 +0-0031 
21-2 
5°7 


0-2749 +-0-0037 
20:8 
5°7 


0-2900 + 0:0028 
21:2 
5°6 


0:2255+0-0011 
19-7 
6:0 


0:2645+0:0031 
20:7 
5:8 


0:2748 +0-0022 
20:8 
5:7 


02605 +0-0029 
20-7 
5-9 


0-2663 +0:0019 
20:7 
5:8 


| 


0:2496 +0:0036 
20-0 
5-7 


0:2481 +0:0024 
20:1 
5:8 


0:2432+0-0032 
19:9 
5'8 


0-2520+0-0017 
20-2 
5°8 


0-2502 +0-0023 


0:2569 +0-0012 
20:2 
5:7 


0:2377+0-0910 
19-9 
5:9 


0:2275+0-0015 
19-8 
6:0 


0:2465 +0-0016 
20-3 
5:9 


0:2424+0-0011 
20.1 
5:9 


379 


Table 1 shows the values of the Eh, rH and pH of the tissues of bean cuttings. It is 
clear from the Table that the tissues of the fresh cuttings have a definite gradient of 
the Eh, rH and pH. The leaves and the top part of the stem, i.e. the young growing 
tissues of the cutting, have a lower Eh and rH and a smaller hydrogen ion concentra- 
tion as compared with the tissue of the hypocotyl, especially its lower part. This is in 
agreement with the results obtained by Turkova [1, 3, 17], who showed that the vertical 
“polarity” of the shoots is connected with a definite gradient in the reductive properties 
of the tissues from the top to the base; the higher the level of the leaves and shoots, 
the more clearly apparent were the reductive properties of their tissues. 


During the formation of the callus and roots the gradient of the redox processes 
peculiar to fresh cuttings was disturbed both in the untreated cuttings and in those 
treated with BINU. This disturbance is connected with the variable nature of the change 
in the Eh, rH and pH of the tissues in the upper and lower parts of the cutting. In the 
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leaves and epicotyls of the cuttings it was possible to notice an appreciable shift in 
the redox processes towards oxidation in this period, whereas in the lower parts of 
the hypocotyls where the callus is directly formed, the redox system shifted towards 
reduction. Thus, in the leaves of the cutting with maximum callus development the Eh 
increased, as compared with its value in the leaves of the fresh cuttings, by 36-7 mV 
for the untreated cuttings and by 73-9 mV in those treated with BINU; the rH cor- 
respondingly increased by 0-5 and 1-7 units respectively. Similar changes in Eh and rH 
were observed in the tissues of the epicotyls. 


In the lower parts of hypocotyls in this period the Eh diminished, as compared 
with the fresh cuttings, by 19-2 mV in the untreated cuttings and by 29-4 mV in those 
treated with BINU; the rH fell by 0-3 and 0-4 units respectively and the hydrogen ion 
concentration by 0-2 and 0-3 pH units. As a result, in the cuttings with a callus in both 
variants the directions of the gradients of Eh, rH and pH differed from those for fresh 
cuttings. Change in the polarity of the redox processes can also be estimated from 
— — ——_— .In the fresh cuttings at 0-87 the ratio 
lower part of hypocotyl 
was below unity and in the cuttings with developed callus above unity and equal in the 
untreated to 1-1 and in those treated with BINU to 1-2. 


change in the ratio Eh 


On further rooting of the bean cuttings the redox system of their tissues started to 
differ from that for tissues of cuttings with maximum callus development. Thus, in 
the rooted cuttings the Eh and rH of the leaves shifted even more towards oxidation, 
in the epicotyls on the other hand, towards reduction. This apparently is connected 
with the fact that the bean plant started its normal growth; in the lower parts of the 
hypocotyls the redox processes again shifted towards oxidation. Direction of the gra- 
dient of the redox processes in the tissues of the stem of the cutting with roots became 
the same as in the fresh cuttings. 

The change in the redox system of the leaves of the cuttings wa: ected with 
retardation or cessation of growth of the leaf and with the peculiarities of metabolism 
during intensification of the ageing processes, in particular, with a decrease of chlo- 
rophyll [7] and lessening of the intensity of photosynthesis, i.e. connected with the 
predominance in the leaves of hydrolytic processes. 

Our results are in full agreement with the published findings. Krasinskii [18, 19] 
points out that with weakening of photosynthesis the Eh and rH of the leaves shift to 
the oxidation side and on the contrary, according to Guseva [20] in conditions pro- 
moting photosynthesis the Eh and rH shift towards the reduction side. Further, Uspens- 
kaya [21] notes that cells which have completed their development have a higher rH 
value. The findings of Kursanov and Kryukova [22] suggest that as the tissues age the 
processes of oxidative polymerization of the polyphenols are intensified. Finally, as 
pointed out by Turkova [17], ageing is connected with gradual oxidation of the reduc- 
tants. On the other hand, in growing tissues the redox processes shift towards the side 
of reduction. Low Eh and rH values for growing tissues have been indicated by Uspens- 
kaya [23], Turkova [17] and Okanenko and Ostrovskaya [24]. 
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In the process of rooting of the cuttings as we have shown [25], their electrical pola- 
rity also changes; a positive p.d. in the fresh cuttings becomes negative in cuttings with 
a developed callus. The change in polarity in cuttings with a developed callus occurs 
via formation of a positive potential in the callus tissues which predominates over the 
potential at the apex. 


It is known from the published findings that the character of the redox system 
largely accounts for the ratio of the synthetic and hydrolytic processes in plant tissues. 
Change in this ratio in different tissues of bean cuttings when taking root can be esti- 
mated from the results of chromatographic analysis of the free and the bound amino 
acids of a protein and polypeptide character (after 24 hr hydrolysis in 6 N hydrochlor- 
ic acid). 

In Tables 2 and 3 it is shown that in fresh cuttings the stems contain more free 
amino acids than the leaves and the tissues of the hypocotyls are poorer in free amino 
acids than those of the epicotyls, i.e. a certain gradient is observed in the content of 
free amino acids. 


During callus formation this ratio in the amount of amino acids in the different 
parts of the cutting is disturbed. In the leaves the amount of free amino acids increased 
in both variants; in the controls by 24-5 per cent and in those treated with BINU by 
17-4 per cent. There was an increase in the amounts of alanine and tyrosine and the 
arginine-histidine and methionine-valine groups with a certain decrease in the con- 
tent of amino acids of the serine-glycine-aspartic acid group in both variants. There 
was a somewhat smaller content of amino acids in the leaves of cuttings treated with 
BINU than in the leaves of the untreated cuttings which can be explained by the more 
intense flow of amino acids from the leaves to the basal part of the stem. As the roots 
of the cuttings continued to grow, their leaves aged and the amount of free amino 
acids in them diminished. This was characteristic for all the amino acids detected by 
us in the leaves of both variants, the decrease being somewhat greater in the cutting 
treated with BINU. In the epicotyls during the process of rooting, the amount of free 
amino acids diminished in both variants. Nor was there accumulation of free amino 
acids in the lower part of the stem where the callus and the roots are formed. On the 
contrary, a certain reduction in content was observed. This applied to all the amino 
acids detected by us. 


The change in the amount of amino acids bound in proteins and polypeptides 
varied in the same way as the free amino acids for the different parts of the cuttings 
as the roots appeared. In the leaves at the end of the experiment the amount of bound 
amino acids had been reduced by 14-6 per cent in the untreated cuttings and by 20-9 
per cent for those treated with BINU. In the epicotyls during the process of rooting 
the content of bound amino acids was subject to little change. In the tissues of the 
developed callus the amount of bound amino acids increased in the untreated cuttings 
by 22-3 per cent and in those treated with BINU by 42:6 per cent. 


The increase in the amount of bound amino acids was characteristic of all the 
amino acids detected by us in both variants. With root formation in the cuttings the 
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amount of bound amino acids in the callus tissues considerably diminished in both 
variants, this is obviously connected with intensification of hydrolysis of the proteins 
and transport of the amino acids, most probably along the newly-formed roots. Mitch- 
ell and Stewart [26, 27] point to an increase in the activity of the proteolytic enzymes 
in the lower parts of the hypocotyls in this period. 

Increase in the free amino acids and a decrease in the bound ones in the leaves of 
the cutting as they take root (especially on treatment with BINU) suggest that pro- 
cesses of hydrolysis predominate over synthetic processes, i.e. there is mobilization of 
plastic substances in the leaves which are transported to the growing tissues of the 
callus. On the other hand, the decrease in free amino acids and increase in bound ones 
in the tissues of the callus of cuttings, especially those treated with BINU, indicates 
predominance of the synthetic over the hydrolytic processes. 

The results of measurements on the rate of respiration in the different parts of the 
cutting point to a connexion between the decarboxylation processes and synthesis of 
protein substances. 


Fic. 2. Rate of respiration of tissues of bean cuttings; 1 and 2, in leaves; 3 and 4, 


in epicotyls; 5 and 6, in upper parts of hypocotyls, 7 and 8, in lower parts of hypocotyls; 
a, untreated; b, treated with BINU. 


Figure 2 shows that in the fresh cuttings the most intensive respiration is displayed 
by the leaves and then by the epicotyls. The lowest respiration rate is shown by the 
hypocotyls, especially their lower parts. The clearly marked gradient of the respiratory 
processes in the cuttings can be characterized by the ratio of respiration of 

a .. ae 
Lower part of hypocotyl 
In cuttings with a callus, the leaves respire considerably less intensely than leaves of 
the fresh cuttings. There is also a change in the respiratory gradient in the stem. The 
ratio of the rate of respiration 
Epicotyl 





Lower part of hypocotyl 


in the untreated cuttings was 1-1 and in those treated with BINU, 0-8. Change in the 
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gradient was consequent on lower respiration of the upper parts of the stem and inten- 
sified respiration in the callus tissues. As indicated by Ruben [28], in the same plant 
the young tissues and organs in a state of energetic growth respire more intensively. 
Higher respiration is connected with formation in the meristem of new young cells. 
At the end of the period of active growth of the organ when the number of cells making 
up its tissues no longer increases, there is a gradual decline in the rate of respiration 
connected with processes of ageing in the plasma. Confirmation of these points can 
be found in the work of James and others [29]. Ruhland and Ranshorn [30] remark 
that respiration in the meristem tissues is distinguished by a certain peculiar bioche- 
mistry, in particular, a respiratory coefficient greater than unity. On treating plants 
with stimulatory doses of heteroauxin, they obtained a still greater increase in the 
respiratory coefficient through a considerable reduction in the uptake of oxygen and 
an intensified accumulation of the products of alcohol fermentation. It is known that 
for the synthesis of protein substances and the associated phases of plant growth, 
contrary to the contention of Mothes [31, 32], a high activity of oxidative processes 
is not at all favourable. Rather they are more successfully accomplished with a relati- 
vely restrained intensity of oxygen respiration and with a large capacity for reduction 
in the tissues [4, 33, 34]. This is also in agreement with certain statements by Tauson [35] 
on the conditions for synthesis of intracellular substances. 

According to our findings the processes of callus and root formation connected 
with synthesis of protein substances proceed in conditions of diminished redox poten- 
tial with intensified decarboxylation. Similar conditions for the synthesis of compounds 
of high molecular weight (rubber) were found by Okenanko and Ostrovskaya [24]. 
Synthesis of rubber proceeds with a low redox potential and leads to intensification of 
the processes of decarboxylation in the roots of the kok-saghyz. However, according 
to Lund [36], Sinyukhyn [37-39] and others, there is far-reaching parallelism between 
the changes in the redox potential and respiration, i.e. at a high redox potential in the 
plant tissues an increased rate of respiration is observed. These facts suggest the pre- 


sence of a very complex interrelation between the redox system and the synthetic pro- 


cesses occurring in plant tissues, especially in synthesis of protein substances. 


From published findings and our own investigations it is possible to determine the 
various physiological states of the plant tissue from the level, intensity and direction 
of the redox processes which characterize the energy aspect of metabolism and the 
direction of synthetic and hydrolytic reactions. Plant tissues with a high redox poten- 
tial and a raised rate of respiration possess a high level of metabolism but limited abi- 
lity to synthesize high molecular compounds. Conversely, a decrease in both these 
measurements is an explicit sign of decline in the level and intensity of metabolic intra- 
cellular reactions. A raised intensity of respiration and a low redox potential are an 
essential property of growing active tissue where high molecular compounds including 
proteins are synthesized. Conversely, rise in the redox potential and reduction in the 
rate of respiration are evidence of predominance in the tissue of hydrolytic proc- 
esses. 
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EFFECT OF REDOX SYSTEM ON CALLUS AND ROOT FORMATION IN BEAN 
CUTTINGS AND TRANSLOCATION OF SUBSTANCES IN THEM 

It is known from the literature that the redox system in plant tissues can be altered 
by the action of oxidants and reductants or by the action of inhibitors of redox re- 
actions. 

The reductants we used were ascorbic acid (10-°M) and hydroquinone (0-01%) 
and the oxidant was hydrogen peroxide (0-1%). The inhibitors of the oxidative proces- 
ses were cadmium chloride (0-5 x 10-*M) binding the sulphydryl (SH) groups which 
have an important role in enzymatic processes and influence the electrical properties 
of tissues [40, 41] and dinitrophenol (0-25 10-8M; 10-8M and 4x 10-3M) which 
disturbs, according to some findings [29], coupling of oxidation and phosphorylations 
depresses aerobic oxidation, in low doses intensifies the rate of respiration and lower, 
the redox potential of cells [6]. 

The bean cuttings were treated with these substances by immersing their lower 
ends in solutions for 3 hr daily starting from the day of culting and ending the day 
before the expected maximum callus development. The analyses were made 24 hr after 
the last treatment. The results of investigation of the bioelectric potential respiration, 
Eh, rH and pH are given in Table 4. 


TABLE 4. CHANGE IN BIOELECTRIC POTENTIALS, RESPIRATION, Eh, rH, pH AND ROOT FORMATION IN BEAN 
CUTTINGS TREATED WITH OXIDANTS, REDUCTANTS, INHIBITORS OF REDOX PROCESSES AND GROWTH 
STIMULATORS 


Bioelectric | Length 


i ; | } | 
Variant potential panera Eh (V) pH No. of) of roots 
(mV) mg Co,/g) | Toots | (cm) 


Untreated 26+1°4 0-381+0-004 | 0-:2490+0-0031 6:2 Up 
Ascorbic acid 27+1:7 0-367+0-002 | 0-2592+0-0027 6:3 Up 
Hydroquinone 25+1:3 0-331+0-005 | 0-2511+0-0025 6:3 : Up 
H,O, 23+1°1 0:391+0-009 , 0:2405+0-0019 6-4 Up 
Cadmium 

chloride 10+1-2 0:243+0-003 0-2184+0-0014 , 6°5 + Up 
Dinitrophenol 

4x10-°M 3+1°1 0-1688 +0-0017 . 68 + Up 
Dinitrophenol 

10-*M 37+0°7 0:528+0-003 | 0-2025+0-0013 ‘ 6°6 
Dinitrophenol 

0-25 x 10-°M 34+0°9 0:441+0-008 | 0-1801 +0-0016 : 6:7 
BINU 100 mg/! 36+1-9 0:-491+0-002  0-2178+0-0019 , 6:4 
BINU 400 mg/l 29+1:0 0:476+0-001 | 0:2097+0-0021 : 6:3 


Table 4 shows that the treatments with oxidant and reductants have no appreciable 
effect on the bioelectric potential and redox processes. Apparently the buffer capacity 
of the redox systems in tissues where the callus and roots are formed is quite high. 
Nor were there any noteworthy changes in root formation. 

Treatment of the bean cuttings with cadmium chloride considerably lowered the 
bioelectric potential of the tissues of the callus (but never made it negative), lowered 
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the rate of respiration, reduced the redox potential and lowered the hydrogen ion con- 
centration. This led to strong inhibition of root formation and sometimes no roots 
formed at all. The treated tissue acquired a brown colour. 

Treatment of the bean cuttings with dinitrophenol (0-25 x 10-*M) lowered the redox 
potential of the callus tissues, reduced the rH and somewhat diminished the concen- 
tration of hydrogen ions, but at the same time, increased the rate of respiration and 
the bioelectric potential of these tissues. With such intracellular conditions of the redox 
system there was intensified root formation. The number of roots in the cuttings treated 
with dinitrophenol was 7-8 times greater than in the control. Single 3-hr treatment of 
fresh cuttings with dinitrophenol at a concentration of 10-*M gave the same results. 
Similar conditions of the redox system of the intracellular medium were produced in 
the tissues of the callus when treated with BINU (100 and 400 mg/l), causing intensi- 
tied root formation. Treatment of the cuttings with dinitrophenol at a high concentra- 
tion (4x 10-*M) heavily reduced the bioelectric potential, sometimes making it nega- 
tive and lowered the level and rate of the redox processes which led to depression of 
growth of the cuttings and strong inhibition of root formation. With such treatment 
of the cuttings 35 per cent of the plants died (spots on the leaves, withering of leaves, 
dying off of the epicotyls, etc.). However, despite the general depression of the plants 
and the death of the tissues treated directly, in the surviving cutting roots appeared in 
large number but with a delay of 5-6 days. 

Thus, for normal or intensified root formation it is necessary that the following 
intracellular conditions of the redox system be present: reduced redox potential, low 
aerobic index, somewhat reduced hydrogen ion concentration, positive bioelectric po- 
tential and intensified decarboxylation. 

As the findings show, in the processes of root formation a major réle is apparently 
played by redox systems with the participation of sulphydryl groups since binding of 
the SH groups by cadmium led to strong inhibition of root formation. Partial depres- 
sion of aerobic respiration but intensified anaerobic respiration on treatment of the 
cuttings with dinitrophenol contributed to intensified root formation. 

According to Afanas’eva, Glushchenko and Elengorn [42] the pole with cells having 
an intracellular alkaline reaction, rH more reduced and a positive electric potential has 
a higher energy level than the other pole. 

It follows from these remarks that the tissues in which processes of callus forma- 
tion occur have a raised energy level, higher in the cuttings treated with stimulatory 
doses of BINU and dinitrophenol. Treatment of cuttings with cadmium chloride, on 
the other hand, lowers the energy level of the tissues. The presence in the tissues of the 
callus of bean cuttings of higher energy levels accounts for the definite energy gradient 
in them which may be of fundamental importance in translocation of substances to the 
site of root formation. 

In fact, as the experiments show (Table 5) in cuttings with a callus, translocation 
of'4C from the leaves to the lower parts of the hypocotyls was considerably more inten- 
sive than in fresh cuttings. In the cuttings treated with BINU at concentrations of 100 
and 400 mg/l. or dinitrophenol at a concentration of 10-*M with single treatment and 
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0-25 x 10-*M on daily treatment, transport of #*C in this period from the leaves to the 
site of root formation was 3-4 times greater than in the untreated cutting. On the 
other hand, on treatment with cadmium chloride transport of *C was depressed. 


TABLE 5. TRANSLOCATION OF PHOTOSYNTHESIZED '*C IN BEAN CUTTINGS TREATED WITH INHIBITORS OF REDOX 
PROCESSES AND GROWTH STIMULATORS (PHOTOSYNTHESIS IN ATMOSPHERE OF '*CO, LASTED 1-5 HR) 





- Cuttings with developed callus, treated with 
| Dinitrophenol 

100 mg/1 | 400 mg/1 | 
| 10-°M | 0-25x10°*M 





| Untreated | Cadmium 
chloride 


Parts of | Fresh 
plants cuttings 





Leaves 1029+19 , 98749 | 992411 | 824412 | 65247 | 76346 | 87548 
Epicotyls 73647 52144 | 43143 | 30948 | 308+9 | 42743 
Upper parts of 
hypocotyls 98+2 27642 8243 | 13042 | 31545 | 31642 
Lower parts of | 
hypocotyls +0 | +1 | 3142 | 22044 | 45448 | 34244 


413+5 





; Note: Material f ixed within 3 hr of start of photosynthesis (counts min per mg dried matter). 
SUMMARY 

(1) The physicochemical conditions for formation of the callus and roots in bean 
cuttings have been demonstrated. These conditions are positive bioelectric potential, 
relatively low Eh and rH with more intensive processes of decarboxylation. This ac- 
counts for the raised energy level of metabolism in the callus tissues, contributes to 
transport of the nutrient substances in them and synthesis of high molecular compounds 
including proteins. Change in these physicochemical parameters in the opposite di- 
rection (leaves of cuttings) leads to a fall in the energy level of metabolism and inten- 
sification of hydrolytic processes. 

(2) Treatment of the bean cuttings with BINU and dinitrophenol in stimulatory 
doses intensifies the physicochemical pointers of metabolism in the normal direction 
and contributes to the synthesis of protein substances the flow of plastic substances to 
the treated tissues and to intensified root formation. Treatment of the cuttings with 
cadmium chloride which binds the SH groups inhibited the natural processes of meta- 
bolism in callus and root formation, leading to suppression of the translocation of 
substances and depression of regeneration of roots. The same result was obtained 
using high concentrations of dinitrophenol. 

I consider it my pleasant duty to express deep gradtitude to Assistant Professor 
V. A. Guseva for directing this work. 
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UPTAKE OF OXYGEN BY THE BRAIN IN PROLONGED 
PERIODS AFTER HYPOTHERMIA* 


Ye. M. KHVATOVA 
Gorki Kirov Medical Institute 


(Received 11 June 1960) 


HYPOTHERMIA was introduced into surgccal practic? as a means for lowering energy 
expenditure and the oxygen requirements of the body. However, the problem of the 
uptake of oxygen and energy expenditure in hypothermia cannot be considered as 
explained. The uptake of oxygen by the body as a whole is essentially estimated by 
study of gas exchange, oxyhaemoglobin measurements calculation of the arterio-venous 
difference in the content of oxygen, etc. 

The first experimental work in which, at a low body temperature in dogs (17-20°), 
a fall in the oxygen uptake to 15 per cent of the original was found (Bigelow, Lingsay 
and Greenwood [1]) confirmed the belief that hypothermia is connected with a sharp 
drop in oxygen consumption. Achkasova, Kalikhman, Kostyuchenok and Dedyukova [2] 
established that at a body temperature of 31-5-32° the oxygen uptake falls by 74-81 
per cent and at a temperature of 32-33° by 51-72 per cent. Huguenard [3-4] did not 
find such a marked fall in the oxygen consumption and states that to reduce oxidative 
processes in the body by 30—40 per cent is a difficult problem. In a later communication 
Bigelow [5] writes that 24-31°C corresponds to 50-30 per cent of the normal uptake 
of oxygen. Gubler [6] noted a fall in the oxygen consumption by 33-59 per cent at a body 
temperature below 32°. Lowering the body temperature one degree at a time led to 
a decline in the consumption of oxygen by about 5 per c2nt per degree. Similar patterns 
were noted by Swan [7]. 

Fall in temperature is reflected in the subsequent functions of various organs. Thus, 
appreciable chang?s in the proczss of blood clotting were observed in dogs for 10 days 
after hypothermia [8]. In the post-operative period in patients submitted to surgery 
under hypothermia, a considerable inhibition of haemopoietic prccesses is observed [9]. 


The brain is particularly sensitive to oxygen lack. Change in the uptake of oxygen 
by the brain in hypothermia and also after it may give a more complete idea of the 
effect of hypothermia on metabolic and, in particular, oxidative processes in the brain. 

To solve this problem we determined the content of free oxygen in the brain meas- 
ured by the method of polarography [10-13] as modified by Snezhko [14] for using with 


* Biofizika 6: No. 3, 351-356, 1961. 
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the oxygen test. The latter, in our view, is a technique directly indicating the intensity 
of uptake of oxygen by brain tissue. 

After removing the skin and periosteum from 1-5x2-5 cm of the skull surface, 
trepanation was performed. Through the trepanation aperture a platinum electrode 
was lowered into the motor region of the cerebral cortex at a depth of 1-2 mm. The 
glass cuff of the electrode was fixed rigidly in the aperture. The non-polarizing electrode 
was fixed immediately before the experiment. 


Oxygen tension was determined from the value of the diffusion current with a vol- 
tage between the electrodes of 0-6 V. Change. in the current in the oxygen test was 
continuously recorded on moving photographic paper by means of a mirror galvano- 
meter. 

Hypothermia was achieved in animals by physical cooling in a snow bath. Firstly, 
the animal was under light ether anaesthesia. No ganglion-blocking or neuroplegic 
agents were used in the experiments reported here. The rectal temperature was meas- 
ured with a mercury thermometer. Duration of the hypothermia from the start cooling 
to the minimum temperature of 21-22° and subsequent restoration to 33-34° was 
7-8 hr. An electrical heater was used to rewarm the animals. 








1 1 78 








Fic. 1. Change in diffusion current in oxygen test in normal conditions and in first 2 days after hy- 

pothermia. Lower trace, time of supplying oxygen. Rabbit No. 7: a, normal; a,, 24 hr after hypother- 

mia; rabbit No. 18: b, normal; b,, 1-5 days after hypothermia; rabbit No. 22: c, normal; c,, 2 days 
after hypothermia. 


In the experiments male chinchilla rabbits were used weighing 2300-2500 g. The 
material presented is based on 156 determinations of oxygen tension in the brain in 
5 rabbits. 


In each animal before hypothermia the oxygen tension in the brain was studied 
repeatedly for several days (3-4 days). The results obtained were taken as the starting 
value of the oxygen tension and oxygen uptake by the brain in the given animal. 
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In the period of hypothermia the diffusion current characterizing oxygen tension 
in the brain and the value of the oxygen test characterizing the rate of uptake of oxy- 
gen by the brain underwent profound changes. 

After restoring the body temperature to normal, study of oxygen tension and oxy- 
gen uptake by the brain was continued from the first to third day and for more than 
a week in some animals. 

The condition of most animals changed after hypothermia. In rabbits listlessness 
and reactions to external stimuli were weaker. Such state lasted 3-4 days. Only indivi- 
dual animals showed no appreciable change in general condition. 

On the first to second day after hypothermia a considerable increase in oxygen 
tension was recorded with the oxygen test exceeding the original level by 2-3 times. 
Fig. 1 presents the photographs of the oxygen tests on rabbits Nos. 7, 18 and 22 show- 
ing the changes in the oxygen tension in the first 2 days after hypothermia as compa- 
red with normal values before hypothermia. 














ae 
 &ts 1 1 | l 1 





Fic. 2. Changes in diffusion current in oxygen test for rabbit No. 22 on different 
days after hypothermia. Lower trace, time of supplying oxygen: a, normal, b, after 
2 days; c, after 6 days; d, after 7 days; e, after 15 days. 


In subsequent days the oxygen tension in the brain increased, reaching a maximum 
after 4-6 days (in individual cases in the first day) after which it started to fall, again 
coming close to the original. Fig. 2 shows the photographs of the oxygen tests on rabbit 
No. 22 indicating changes in the oxygen tension in the brain at different times after 
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hypothermia. Fig. 3 shows the changes in the rise in oxygen tension in rabbit No. 10 
over the week and at 32 days after hypothermia. 
% 
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Fic. 3. Graph of changes in oxygen tension in brain in oxygen test (percentage of 
normal) for rabbit No. 10 during week after hypothermia and after 32 days. Ordi- 
nates, change in oxygen tension in %; abscissa, days after hypothermia. 


The time taken for the oxygen tension in the oxygen test to return to the original 
value varied in individual animals. In most cases, the oxygen tension returned to the 
original value in 2-3 weeks (rabbit No. 22-15 days, No. 18-21 days) and only in 
rabbit No. 10 did the oxygen tension return almost to the original level after a week. 
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Fic. 4. Change in duration of period of rise in oxygen tension in oxygen test on various days after 
hypothermia. Lower trace, time of supplying oxygen: 1, normal, 2, on day of maximum rise in oxygen 
tension; 3, in period of normalization. 


Hence, after hypothermia a distinct increase in the oxygen tension in the brain was 
observed. The maximum of this increase was observed between the second and sixth 
day depending on the idiosyncrasies of each animal. The extent of increase in oxygen 
tension also greatly varied in the animals. 

A no less important indicator of change in oxygen tension in the brain is an in- 
creased duration of raised content of oxygen after the oxygen test. In normal conditions 
the time of absorption of the extra oxygen by the brain was on average 55 sec. In the 
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first 2 days after hypothermia this time increased on average to 85 sec and continued 
to increase in the majority of cases reaching the longest time (98 sec) on the day of 
maximum increase in oxygen tension (Fig. 4). By the time the normal oxygen tension 
in the brain had been reached we observed a return to normal of the time necessary 
for uptake of the extra oxygen in the oxygen test. 

Like Snezhko we observed rhythmic fluctuations in the base level of oxygen tension 
in the brain expressed in different rabbits to differing degrees. 

After hypothermia these rhythmic variations in base level of oxygen tension were 
weakly expressed (rabbits Nos. 5, 7, 10) but in 2 cases (rabbits Nos. 18 and 22) we 
observed intensification of the fluctuation. By the time of maximum changes in oxygen 
tension in the brain after hypothermia the changes in the rhythmic fluctuations were 
maximum. Restoration of the rhythm to the initial state was also observed in the pe- 
riod of normalization of oxygen tension in the brain. Fig. 5 presents photographs of 


Fic. 5. Base level of oxygen tension in brain of rabbits No. 10—(I) and No. 18—(II). 
a, normal; b, in period of maximum rise in oxygen tension in brain; c, in period of 
normalization. 


the rhythmic oscillations in the base level of oxygen tension in the brain of rabbits in 
normal conditions, on the day of maximum increase in oxygen tension and in the pe- 
riod of its normalization. 

The material presented shows the considerable changes in oxygen tension in the 
brain in the period after hypothermia, expressed in a temporary increase in the tension 
of free oxygen in the brain. 

The concentration of free oxygen in brain tissue may depend both on haemodyna- 
mics and on the uptake of oxygen by the tissue. It is known from published results [9] 
that haemodynamic changes in the post-operative period in patients submitted to sur- 
gery under hypothermia are towards a certain decrease in arterial pressure and a quick- 
ening of pulse rate. On the first day we observed in rabbits only lability of the number 
of respirations and pulse with a very slight tendency to quicken. On the second day 
both respiration and pulse were within normal limits. These changes in the haemody- 
namics cannot explain the changes observed in oxygen tension. A considerable rise in 
the tension of free oxygen in the oxygen test and lengthening of the time of oxygen 
uptake by the brain suggest that after hypothermia the oxidative processes connected 
with utilization of oxygen by the brain are diminished and that such a state persists 
for a definite period of time. 

Our results are in good agreement with the communications of other workers [8, 9] 
on depression in the haemopoietic function of the bone marrow and retardation of 
blood clotting in the period after hypothermia. 
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The nature of the rhythmic fluctuations has still not been explained [14]. However, 
the fact that the base level of oxygen tension changes with change in the uptake of 
oxygen by the brain invites the assumption that the rhythmic fluctuations also cha- 
racterize a certain facet of the tissue oxidative processes. It is still difficult to say what 
particular change in these processes is indicated by levelling out of the rhythmic fluctu- 
ations or by their intensification. We only note this fact as an objective indicator of 
change in the state of the brain. 

The findings obtained by us in the study of oxygen tension in the brain in the pe- 
riod of hypothermia will be reported later. 


SUMMARY 

(1) Deep hypothermia in rabbits led to prolonged changes in oxygen tension in 
the brain. 

(2) After hypothermia for several weeks an increase in oxygen tension and length- 
ening of the period of raised oxygen tension in the oxygen test were observed. 

(3) The maximum oxygen tension in the brain was observed batween the second 
and sixth day after hypothermia. 

(4) Hypothermia produced in subsequent days distinct changes in the rhythmic 
fluctuations of the base level of oxygen tension in the brain. 

(5) In the period after hypothermia, uptake of oxygen by the brain decreased. 

(6) Changes in oxygen uptake by the brain in these experimental conditions were 
of a reversible nature. 
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EvEN before the use of labelled atoms it had been established that entry of ions into 
the plant or their release into the surroundings of the root depends on the concentra- 
tion of the given ions in the medium [1-3]. Change in the concentration of any element 
in the surroundings results in a rapid process of redistribution of the element between 
the plant and its surroundings: with an increase in concentration the element enters 
the root; with a decrease it is released into the surroundings. Sabinin [4] has shown 
that the ions taken up by the root can be exchanged for other ions from the solution 
and on this basis developed the concept of exchange adsorption as the primary mech- 
anism of absorption of substances. Hevesy [5], who was the first to use radioactive 
tracers in biological research, demonstrated with a radioactive isotope of lead (ThB) 
the existence of the exchange of the same ions between root and solution. Later by 
means of artificial radioactive isotopes, exchange of the ions of the same elements 
between roots and medium (which some workers have termed “isotope exchange”) 
was shown [6] for the ions K*, Na*, Rb*, S.**, PO,---, Br- and I-. 

Thus, the available evidence suggests that the elements of mineral nutrition are 
present in the plant in dynamic equilibrium with the elements of the medium, i.e. entry 
and exit of the ions occur constantly. This applies not only to the “plant—nutrient 
solution” system but also in the “plant—soil” system [7]. The presence of such dynamic 
equilibrium introduces some difficulties in interpreting the results obtained with iso- 


topes in studies of the accumulation of a labelled element in plants. 

In fact, the tracer may enter the plant through exchange even with a lower concen- 
ration of the given element in the plant and, conversely, may be excreted into the 
medium even on accumulation of the element in the plant. This aspect has received 
detailed consideration in the monograph by Comar [8] who speaks of the need for 
further research on this subject. 

The present paper gives the results of experiments with the two most mobile ele- 


ments in plants—carbon and phosphorus. 

Experiments with *P. Tomato plants were grown in half-strength Hoagland mixture 
labelled with phosphorus. At the age of 20 days, the plants were removed from this 
solution, the roots rinsed in a large volume of water and dried with filter paper. Then 
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each plant was transferred to 30 ml of the same solution without **P. At definite time 
intervals 0-2 ml samples of the solutions were withdrawn and their activity measured. 
The results of 3 repeat measurements (a, b and c) are given in Fig. 1. The curves show 
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Fic. 1. Kinetics of release of **P from plants into nutrient medium after replacing labelied solutions 
with inactive solutions of the same composition. Abscissa, time in hr; ordinates, activity of sample 
(0-2 ml) in counts per min. a, b, c, three sets of measurements. 


that when the labelled nutrient solution was replaced by unlabelled solution, there was 
rapid (in about 2 hr) excretion of **P despite the fact that all the external factors re- 
mained unchanged and there were consequently no reasons for an unexpectedly swift 
loss of phosphorus by the plant. In this case the excretion of **P was not accompanied 
by a reduction in the phosphorus content of the plant but was the result of the exchange 
process **P ~<— *!P proceeding to the point of constant specific activity: 


32p 32p 
(eo) 


exchange / plant solution 


Such rapid redistribution of isotope at the start of the experiment was usually con: 
nected with inactive exchange processes—diffusion and adsorption not directly de- 
pending on metabolism [9]. 

Entry of **P in the first hours after its introduction into the medium was similar to 
its exit [10]. Hence, if with unchanged external conditions rapid passage of isotope 
occurs at a diminishing exponential rate [11], this suggests that the “plant-medium” 
system tends towards a certain equilibrium state. This process is not active physiological 
intake or excretion of the element. 

However, Fig. i shown that !oss of **P does not fully terminate in the first hours 
and continues on the next day. Consequently, a more profound exchange exists pro- 
ceeding at a slower rate. According to the published findings, such exchange may ac- 
count for 0-5-1-5 per cent of the total phosphorus in the plant in 24 hr and does not 
depend on the method of illuminating the plant [12]. 

The next experiment was to demonstrate the effect of this more thorough exchange 
on the behaviour of *2P. The tomato plants were grown in Hoagland lacking KH,PO, 
in varying degrees: (a) 5-25 per cent of the normal arount; (b) 10-5 per cent; and (c) 
21 per cent. When 20 days old, the plants were transferred from each variant to com- 
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plete Hoagland nutrient mixture not containing **P and to a mixture without KH,PQ,. 
Thus, there were six variants of the experiment. The kinetics of excretion of **P into 
these unlabelled solutions were studied (volume of each solution 300 ml). The results 
are presented in Fig. 2. Curve | is the release of phosphorus into the solution not con- 
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Fic. 2. Kinetics of release of **P from plants into nutrient medium after replacing labelled solutions 


with inactive solutions of the following composition: curves 1, 2 and 3, mixture without KHPO,; 
curve 4, complete Hoaglond mixture. Abscissa, time in hr; ordinates, activity of sample in counts 
per min. 


taining phosphorus after growth in the solution most deficient in phosphorus (5-25 
per cent of normal); curve 2 is the same after growth in 10-5 per cent solution; curve 3 
in 21 per cent solution; and curve 4, release of **P into the complete nutrient mixture 
for all three variants (since the differences in this ease were slight, a general curve is 
plotted and the scatter of the extreme points shown). 

These results might have led to the paradoxical conclusion that the plants in com- 
plete nutrient mixture lost more phosphorus than those in solution without phosphorus. 
But, in fact, in variants 1, 2 and 3 there was at first excretion of phosphorus since the 
plant was transferred from a solution with a high phosphorus content to one with 
a lower content. The phosphorus lossed was then partially taken up by an active pro- 
cess and this uptake started earlier the more deficient the plant in phosphorus (peak 
of curve | is earlier than in curve 2; no peak for curve 3 within this space of time). In 
these cases, the passage of **P corresponds to the behaviour of the total phosphorus 
since the specific activity (**P/*'P) remained constant. 

In variant 4 of this experiment, the **P was diluted by the unlabelled phosphorus 
introduced into the medium; the ratio **P/**P varied during exchange (increased in the 
solution and decreased in the plant) and the movement of tracer in this case did not 
reflect the behaviour of the element. This slow process of excretion of the tracer is 
clearly the result of the exchange of mineral phosphorus entering the root from the 
above-ground part and formed in the root during dissimilation of phosphorus-contain- 
ing compounds. 

Experiments with *C. The experiments on the introduction of labelled carbon into 
the habitat of the root show a rapid penetration of the tracer into the plant especially 
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with illumination of the leaves [13]. But is such entry of the isotope always connected 
with increase in total carbon via root feeding? Chesnokov and Stepanova [14] hold 
that the “very fact that penetration of labelled CO, can be observed also with a nega- 
tive CO, balance, i.e. on its excretion from the root system. Accumulation of #C in 
the plant cannot serve as an indication of the participation of CO, taken in by the roots 
directly from the soil in the carbon nutrition of the plants. The carbon dioxide of the 
soil can penetrate into the root from the soil and at the same time a more intensive 
reverse process may occur.” In fact, the mechanism of uptake of ions by the root im- 
plies exchange of HCO, for the anions of the medium [4]. But, if exchange exists be- 
tween different ions, it is all the more possible for identical ions. 

Our intention in the next experiment was to demonstrate the presence of such 
exchange in various conditions. Wheat plants were used in their first-leaf phase; for 
each variant 5 identical plants were selected. The design of the experiment is shown in 
Table 1. 


TABLE 1. DESIGN OF EXPERIMENT WITH #4C 





Course and conditions of experiment 





Stage II Stage III 
Variant . Stage I ; 8 hr in solutions without | 14 hr in solutions without 
No. 14 hr in labelled solutions spacer (excretion of “C | tracer (excretion of #C 
(entry of “C from from plants into solution | from plants into solution 


solutions into plants) | No. 1) No. 2) 








Light 
0-02 % KHCO, 
Light 
0-02 % KHCO, 
Darkness 
0-02 % KHCO, 
Darkness 
0:02 % KHCO, 
Light 
0-02 % KHCO, 
Darkness 
0-02 % KHCO, 
Darkness 
0-02 % KHCO, 


Light 
0:2 % KHCO, 
Light 
0-02 % KHCO, 
Darkness 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 
Light 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 


Light 
0:2 % KHCO, 
Light 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 
Light 
0:02 % KHCO, 
Darkness 
0:02 % KHCO, 





* Before experiment plants were grown in 0:2 % KHCO,. 
** Above ground parts removed. Experiment carried out only with roots. 


Before the experiment, the plants were grown in tap water (except variant 3), then 
kept in Hoagland solution with addition of labelled carbon dioxide (stage I) and sub- 
sequently transferred to Hoagland solution without #*C (stages II and III). The amounts 
of **C released by the plants on exposure in inactive solutions and remaining in the 
roots and leaves were measured. 

To measure the radioactivity, the leaves and solutions were dried with addition 
of small amounts of carrier (KHCO,) and alkali to prevent loss of labelled carbon 
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dioxide. The measurements were mate with a BFL counter with a window thickness 
of 1-6 mg/cm’. 

The results in Table 2 show that in unchanged conditions (variants 1, 2, 4 and 7) 
the derivation of the isotope was the sole factor determining whether *C was taken 
up or given off. 

Uptake occurred also in the dark (variants 4, 6) and with reduction of the carbon 
content of the medium (variant 3). Excretion occurred both in the light (variants 2, 6) 
and with increase in the concentration of the solution (variant 1). 


TABLE 2 


Amount of “C (counts/min) 


Variant 


AE ; 
®) | l 10n 
No. In solution | In solutio In roots | In leaves 


No. 1 No. 2 


180 
220 
130 
160 
150 
160 
190 


Hence, uptake and excretion of carbon occur simultaneously, i.e. exchange occurs 
in the most diverse conditions. During this exchange C may be incorporated in the 
form of carboxy! groups into the organic acids but this is not accompanied by increase 
in the free energy of the substance and therefore “cannot be considered as carbon 
dioxide feeding of plants” [15]. Assimilation occurs only in tissues with chlorophyll 
(leaves, stem). The increased content of #C in the leaves in the light as compared with 
the dark may be due to two factors: (1) in the dark more intensive output into the 
atmosphere of the isotope taken up through exchange [16, 17]; and (2) in the light 
output of organic compounds from the roots is increased and exchange between root 
and medium enhanced. 

Further, Poel [16] has shown that on exposure for longer than 10 min the rate of 
fixation of *CO, by the roots rapidly diminishes and for the interval from 30 to 60 min 
changes but slightly. 

Consequently, the kinetics of *C uptake resemble those for the entry and exit of 
labelled ions as a result of exchange or the tendency of the system towards an equi- 
librium state. 

Thus, accumulation of labelled element in the plant cannot always be assessed from 
the uptake of the isotope. 

This is possible only in the following cases: (1) the plant does not contain the ele- 
ment, the tracer of which is introduced into the medium; or (2) the content of the 
element under study in the plant (seedlings, seeds) before introducing the tracer is 
negligibly small as compared with its content at the moment of sampling, i.e. after 
prolonged cultivation in a medium of constant specific activity. 
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Consequently, the greater the amount of element in the plant at the time of intro- 
ducing the isotope into the medium, the smaller the concentration of labelled element 
in the medium or the shorter the experiment, the less does uptake of the isotope cor- 
respond to genuine accumulation of the element in the plant. 

All this does not apply to investigations with labelled atoms of biochemical conver- 
sions, paths of uptake, translocation of ions, measurements of the linear speed of 
translocation of substances, and study of the kinetics of exchange between plant and 
medium since in such investigations, the absolute amount of the element is not the 
subject of study. 


SUMMARY 


(1) lons of the mineral nutrition of plants are in dynamic equilibrium with the ions 
of the root surroundings. 

(2) Increase in the amount of element in the root still does not indicate its active 
absorption and may be only the result of disturbance in the equilibrium of the “root- 
medium” system with increase in the concentration of the element in the medium. The 
rate of the process subsiding in the first hours may be a sign of this. 

(3) Transfer of tracer from the medium to the root in acute experiments may not 
be accompanied by an increase in the content of labelled element in the plant since 
a reverse process of excretion occurs simultaneously. 

(4) Uptake of the tracer by the plant is a necessary but insufficient demonstration 
of an increase in the content of labelled element in the plant. 

In conclusion, the authors wish to thank T. M. Busheva for valuable discussion of 
the results. 
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THE moments of force on the members of the human limbs are equally acting torques 
of all the muscle groups surrounding the joint and are determined by multiplying the 
total values of the forces applied to the centres of gravity of all the limbs distal to the 
given joint by the distance from their centres of gravity to the joint [1]. [t is not difficult 
to see that the values obtained reflect the activity of the muscle groups and the flexure 
and extensor members in the given joint (if the reactive forces are disregarded). 

The value and course of the moments of force in the links of the lower limbs of 
man have been defined for normal walking [2] and in part, for running [3]. In order 
to follow up the connexion between muscular tension and resulting movement the 
present work describes the changes in the development and decline of these moments 
on training for athletic forms of running, in fatigue and on execution of ballistic 
movements (kicking a ball). 

The figure depicts curves illustrating the course of these magnitudes in the transfer 
intervals of the corresponding movements of the members of the legs during running 
by a person not trained in athletics (1), on running by a non-fatigued and fatigued 
athlete (II, I11) and on execution by the lower limb of ballistic movements (IV). The 
moments of muscular tension are given in relation to the hip (M,) and the knee (M,) 
joints. When positive the moments denote preponderance of the extensor forces (di- 
rected along the course of the movement), and when negative, flexural ones. The zero 
value corresponds to a state of free swinging of the limb. The symbols on the curves 
are the commonly accepted ones [2-5]. 

We shall begin the analysis by comparing the configuration of the curves for run- 
ning (see figure) and walking [2], (page 79 Russian text). Since these curves reflect the 
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course of the moments of force of the muscular tensions of the members of the legs, 

the peculiarities of the movements studied must find some reflexion in the configura- 

tion of the curves. However, it is not difficult to see that the shape of the curves for 

the muscular moments in the members of the leg both for walking and for running is 
vi v4 
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Fic. 1. Curves of moments of muscular tensions in members of the leg with respect to the hip (My) 

and knee (M;) joints in the transfer intervals of the following moments: I, running by person not trained 

in athletics, II, running by trained athlete over 400 m, at the start; III, same before the finish; [V, bal- 

listic movement (kicking of ball). Significance of verticals in curves I, II and III: A, rear thrust (sepa- 

rating of foot from support surface); v, forward thrust (contact with support). In curves [V; E, highest 

position of foot during sweep; 7, contact with ball. For other notations see text and also references 
[4, 5]. 


outwardly essentially the same. In both cases the movements of the leg in the transfer 
interval start with very appreciable extensor tensions which continue until the members 
develop a suitable speed (A, & on the curves). Then we observe a drop in the tension to 
the zero value which both on walking and running is achieved at the moment when 
the hip passes through the vertical position (€ on the curves). It is characteristic that 
the curve illustrating the muscular moments relative to the knee joint retains a zero 
value somewhat longer than the analogous curve for the hip joint; this indicates that 
the free swinging of the knee takes somewhat longer than the hip. This is followed by 
flexural tensions which continue until the leg is completely ready for completion of 
the transfer interval—extension in front of support (,a on the curves). The latter mo- 
vement again requires extensor forces which involve the appearance of corresponding 
muscular tensions (8 on the curves). This fundamental similarity in the configuration 
of the curves described can be explained only by the fact that both on walking and 
running the members of the lower limbs of man perform outwardly identical move- 
ments (flexure and extension). 
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TABLE |. VALUE OF MAXIMUM MAGNITUDES OF MOMENTS OF MUSCULAR TENSIONS 
IN HIP AND KNEE JOINTS ON WALKING AND RUNNING (Kg.m) 


Track ranning over 400 m 
Ballistic 

movement 

In non-fatigued In fatigued (kicking 
State state of ball) 


Running by 
untrained 
person 


Normal 


Tensions : 
walking 


Moment relative to hip joint (Mr) 
Extensor tension 5 16-0 24-0 
Flexural tension 5 14-0 25-0 


Moment relative to knee joint (Ms) 


Extensor tension 1-0 4-0 


Flexural tension 2:5 5 


Note: Data for walking taken from reference [2] 


But if we compare the maximum values of the muscular moments of the members 
of the legs for walking and running. then differences immediately become apparent 
(Table |). The movements of the members of the leg in walking are over shorter paths 
and at a slower tempo than for running and require incomparably smaller tensions. 
Even when we are dealing with the primitive running of untrained persons, the magni- 
tude of the moments of the muscular tensions is raised as compared with walking by 
100 per cent relative to the hip joint (M,) and by 300 per cent relative to the knee (M,). 
For the athlete these differences are even greater; for M, by 220 per cent and for M, 
by 550 per cent. A similar picture applies for the magnitude of the flexural tensions: 
in the untrained person they are raised for M, and M, as compared with walking by 
200 per cent and in athletes for M, by 400 per cent and for M, by 540 per cent. It may 
be concluded from this that with an increase in tempo, velocity and length of the path 
of the members in locomotion there is a corresponding rise in the magnitude of the 
moments of muscular tensions which for the distal members is expressed within greater 
limits than for the proximal ones. For the flexural movements these limits are higher 
than for the extensor ones. 

If we make a similar comparison of the magnitudes of the moments of muscular 
tensions for running by the untrained person and the trained athlete, then, as Table | 
shows, special training raises the maximum value of these tensions for the extensor 
movements relative to the hip joint by 50 per cent and relative to the knee joint by 
90 per cent and the value for the flexural by 80 per cent for the first and by 120 per cent 
for the second joint. In other words. practice and training in athletics lead to the same 
changes in the magnitude of the moments of muscular tensions as described above. 

Fatigue in the athlete on running over a short distance (400 m) introduces the same 
characteristic changes in the magnitudes described. The common configuration of 
the curves as shown in the figure remains substantially unchanged—only the peaks of 
the moment of muscular tension are lower (Table 1). For the extensor tension for the 
hip joint (M,) this drop is 35 per cent and for the knee joint (M,) 40 per cent. For the 
flexor ones for M, by 40 per cent and M, 48 per cent. As shown in [5] fatigue in the 
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athlete lowers the rate of transfer of the members and the value of the corresponding 
forces and. therefore, the relationships established in this case must be recognized as 
sound. Fall in the tempo and velocity of movement of the members of the legs leads 
to reduction in the maximum moments of muscular tensions. As in the preceding cases 
the tensions in the distal members turn out to be more sensitive to changes in the con- 
ditions of movement than do the proximal ones and tensions connected with the flex- 
ural movement change within greater limits than for extensor movements. 


TABLE 2. MAXIMUM VALUES OF LONGITUDINAL COMPONENTS OF VELOCITIES (cm/sec) AND VERTICAL 
SWEEPS OF LEG JOINTS (Mm) IN VARIOUS FORMS OF LOCOMOTION 
Joints 
Hip Knee Ankle End of foot 


Maximum Maximum Maximum Maximum 
Forms of longitu- longitu- longitu- longitu- 
locomotion dinal Vertical dinal Vertical dinal Vertical dinal Vertical 
compo- sweep compo- sweep compo- sweep compo-_— sweep 
nent nent nent nent 
of speed of speed of speed of speed 


Normal walking 190 5 310 330 350 
Running by 
untrained 


person 
Running by 
athlete over 
400 m: 
at the start 870 74 1280 
before the 
finish 560 115 820 248 


Note: Data on normal walking taken from reference [2]. 


The explanation for the first part of the phenomenon described must be sought 
in the dynamic peculiarities of the movements of the members of the legs. The distal 
members as Table 2 shows, always move over longer paths than the proximal ones and 
at higher velocities. Naturally. with a change in the tempo and velocity of the move- 
ment the first to be affected are the values of the maxima of muscular tension. 

However, Table 2 indicates a further very interesting fact. If we compare the rela- 
tive value of the rise in the rate of transfer of the joints with increase in the maximum 
moment of the muscular tensions resulting from rise in the tempo of the movement 
(Table 1) then it is seen that there is no direct relationship between these values. In fact. 
as we have shown above, the magnitude of the maximum muscular moment for the 
hip joint (M,) rises as compared with walking during primitive running by the un- 
trained person for the extensor movements by 100 per cent and or the flexural ones by 
200 per cent; relative tp the knee joint (M ) by 300 and 200 per cent respectively, but 
the relative increase in the longitudinal components of the velocities in this case is 
appreciably less. For the hip joint it is 150 per cent, for the knee joint 254 per cent. 
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ankle 150 per cent and the end of the foot 170 per cent. If we compare in like manner 
the magnitude of the maximum values of muscular moments and the relative rise in 
the rate of transfer of the members for walking and running in the trained athlete, 
then this is confirmed to a still greater extent. The relative rise in velocity over all the 
joints in this case is approximately the same 300-350 per cent whereas the increase in 
the maxima of tensions of M, for the extensor movements rises by 220 per cent and 
for the flexural ones by 400 per cent and for M, by 550 for the extensor and 540 for 
the flexural. We see a similar picture on comparing these values for other cases. 

Thus, although the resultant movement was found to be connected with the mo- 
ment of the muscular tension there is no direct relation between them. Moreover, the 
regular increase in magnitude of muscular moment for the distal members reported 
above was not confirmed in the relative rise in the rate of transfer of the joints; this 
rise in rate of transfer of the distal members was less than that of the maximum magni- 
tudes of the muscular moments relative to these joints. For the proximal ones the po- 
sition was reversed. 

It must consequently be assumed that this relationship is a more complex one. It 
cannot be ruled out that as assumed by Bernshtein, it is expressed by a second, on 
higher, order differential equation [6]. The explanation of the second part of the phe- 
nomenon described—greater rise in the muscular moments for the flexural movements— 
may be found in the peculiarities of their course in the execution of locomotor acts. 
The point is that the extensor tensions proceed in the members of the legs in the initial 
period of the transfer interval after the backward impetus is completed and the leg is 
not supported. The forces of this thrust form a large group of reactive forces taking 
part in the subsequent extensor movement [3] and therefore, the magnitude of these 
tensions may be less than the succeeding flexural ones, the reactive background of 
which is much weaker; accordingly, they largely depend on the direct muscular tensions. 

After analysing the moments of muscular tension in the members of the limbs for 
simple locomotor acts we now turn to their complicated form—the course of these 
tensions on simultaneous execution of a ballistic movement—kicking of a ball by an 
experienced player. If we consider the curves (see figure) of the moments of muscular 
tensions in the members of the kicking leg in performing this movement, then it is clear 
that their course differs appreciably from that of analogous magnitudes on simple 
locomotion. 

In this case the muscular moments start with greater extensor tensions throwing 
the leg forward (o on the curves). Development of these tensions is somewhat non- 
uniform—the tensions relative to the hip joint (M,) develop more rapidly than for the 
knee joint (M,). In the first case they reached the highest value before completion of 
the swing by the kicking leg and in the second case later (see figure). In other words. 
the player at first throws out his entire leg and then after reaching the necessary sweep 
Starts the movement of his ankle (Z on the curve). After the crux has developed the 
necessary velocity of movement, muscular tensions relative to the hip joint again in- 
crease and then the leg as a single whole comes into contact with the ball. It is very 
characteristic that before the kick itself the extensor tensions both for M, and M, are 
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replaced by flexural ones of greater magnitude. This phenomenon is characteristic of 
all ballistic movements and is produced by the inclusion before the final movements 
of the antagonist muscles performing an inhibitory function [7]. It is precisely these 
tensions which produce the redistribution of functions of the muscle groups during 
kicking of the ball as indicated by Orbeli [8]. 


The sharp and aimed movements of the members of the leg occurring during the 
movement described cannot fail to produce corresponding rates of transfer in the 
joints and are produced as Table | shows, by suitable muscular tensions. If we com- 
pare the relative increases in the rates of transfer of the joints and the magnitude of the 
movements of muscular tensions in the members of the leg during the act of normal 
walking and ballistic movements, then we find that for the given movement there is 
a more definite relation between the magnitude of the muscular tension and the velo- 
city of the resulting motion. Thus, for example, the increase in the maximum extensor 
tension for the hip joint is in this case 295 per cent and the relative increase in the rate 
of transfer of the knee joint is 285 per cent (in ballistic movement the maximum magni- 
tude of the longitudinal components of the velocities for the joints is: for the hip 
630 cm/sec; for the knee joint 1200 cm/sec; for the ankle 1580 cm/sec; for the end of 
the foot 2100 cm/sec). The maximum magnitude in the flexural tension for M, is in- 
creased for the given movement as compared with walking by 520 per cent and for M, 
by 580 per cent. The rate of transfer of the ankle as compared with walking is increased 
by 380 per cent and the end of the foot by 500 per cent. That is, there is not only a 
comparatively uniform rise in the relative rate of transfer for the distal members 
(phenomenon not observed for simple locomotion) but coincidence of this with the 
above-described increase for these members of the relative rise in the maxima of the 
moments of muscular tensions. In both cases, the increase occurs approximately in 
uniform progression. 

It must be concluded that while for the simple forms of locomotor acts we cannot 
establish a direct relation between muscular tensions and the resulting movement, for 
such complicated forms of movement accompanied by maximum nerve—muscular 
tensions, such a relationship may apply. In this case the rate of transfer of the indivi- 
dual members of the limbs may to a certain extent be a direct function of the moment 
of muscular tension. 

That the ballistic movement described occurs in conditions of maximum nerve- 
muscular tension can be convincingly demonstrated by comparing the curves of the 
moments of this movement with similar curves for running (see Fig. 1). The latter 
occurring in easier conditions are appreciably differentiated and contain many breaks 
indicating the wide utilization of reactive forces [3] which is hardly possible in condi- 
tions in which the movement is performed at the limit of human force. 


SUMMARY 
(1) The magnitude of the moments of muscular tensions in the members of the 
lower limbs of man is not the same for walking and running. Although in both cases 
flexural and extensor movements occur, the movements of the members of the legs 
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in running, proceeding at a higher tempo and over more extended paths, require appre- 
ciably higher moments of muscular tensions. 

(2) In the maximum values of the moments of muscular tensions for the distal 
members these differences are manifest in relatively wider limits than for the proximal 
members and are greater for the flexor tensions than for the extensor. 

(3) Training in the special forms of running increases, in the progression described, 
the maximum values of the moments of muscular tensions and, conversely, reduces 
in fatigue. 

(4) For the simple forms of locomotor acts it is not possible to establish a direct 
relation between the muscular tension and the rate of transfer of the member in the 
resulting movement. 

(5) For movements in conditions of maximum nerve-muscle tension (for example, 
ballistic ones) a closer relationship is observed between the maximum magnitude 
of the moment of muscular tension and the rate of transfer of the joint of the limb. 

REFERENCES 

POPOVA, T.S. and MOGILYANSKAYA, Z.N., Tekhnika izucheniya dvizhenii. (Technique of 

Study of Movements.) Moscow, 1935 

Issledovaniya po biodinamike lokomolsii. Kn | Biodinamika khod by vroslogo normal’nogo 

muzhchiny. (Investigations on the Biodynamics of Locomotion. Book |, Biodynamics of Walking 

of the Normal Male Adult.) Moscow, 1935 

Issledovaniya po biodinamike khod’by, beya, pryzhka. (Investigations on the Biodynamics of Walk- 

ing, Running and Jumping.) Trud. Tsentr. nauch-issled. inst. fixkul’tury. Moscow, 1940 

CHKHAIDZE, L. V., Biofizika 2: 5, 1957* 

5. CHKHAIDZE, L. V., Biofizika 3: 5, 1958* 
. Arkh. biol. nauk 38: 1, 1935 

DONSKOI, D. D., Biomekhanika fizicheskikh uprazhnenii. (The Biomechanics of Physical Exer- 

cises.) Moscow, 1958 

ORBELI, L. A., Voprosy vysshei nervnoi deyatel’nosti. (Problems of Higher Nervous Activity.? 

Lectures and Reports 1922-1949, Moscow, 1949 


* There is a translation into English of this work. 


METHODS AND INSTRUMENTS 


EXPERIMENTAL DEVICE FOR IRRADIATING PROTEIN 
SOLUTIONS WITH MICROWAVES* 


A. §. PRESMAN 


State Research Institute for Health Resort Science and Physiotherapy, Moscow 
(Received 24 April 1960) 


IN the study of the mechanism of the biological action of microwaves it is of undoubted interest to 
investigate the possibility of a change induced by microwaves in the physicochemical parameters of 
protein solutions. However, such investigations involve methodological difficulties caused by the need 
to measure the test parameters of the solution directly during irradiation. 
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This article describes an experimental arrangement ensuring the possibility of measuring certain 
physicochemical parameters of solutions during irradiation with microwaves of the 10 cm range. 

Figure 1 shows the basic circuit of the arrangement. The microwave energy from generator 1 is 
supplied along a cable to the cable waveguide adaptor 2. The microwaves excited in the adaptor (type 
HO1) travel along the wave guide channel made up of attenuator 3, the measuring line 4, the power 
indicator 5 and 6, impedance transformer 7 and finally, the wave guide cell with plunger 9 in which 
the tube 8 with the test solution is placed. 
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Fic. 1. Basic circuit of experimental device for dosed irradiation of protein solutions 
with microwaves in 10 cm range. 


























If the plunger is set at a distance of a quarter of the wavelength (in the wave guide) from the tube 
containing the solution, then the latter will be in the loop of the standing waves. As is known, by suit- 
ably tuning the impedance transformer it is possible to obtain compensation of the reflexions from 


the transformer-plunger so that in practice the entire microwave energy flowing into this part from 
the generator is absorbed in the only active element—the solution. Control of such compensation is 
by measuring the coefficient of the travelling wave (c.t.w.) by means of the measuring line. 

The microwave energy directed along the wave guide channel to the tube containing solution is 
varied by the attenuator and measured by the previously calibrated power indicator. Calibration is by 
means of a directional coupler (included between the measuring line and the power indicator) to which 
is attached the microwave power meter. 

To measure the electrical parameters of the solution during irradiation (electrical conductivity, pH, 
dielectric constant) a tube with flat platinum electrodes can be used. The distance between the elec- 
trodes must be such that they are outside the wave guide when the tube is placed in it. 

Measurement of the viscosity of the solution during irradiation can be made by means of an Ostwald 
type viscometer, placed in the wave guide cell instead of the tube. 

In the arrangement described standard wave guide instruments are used with a wave guide cross 
section of 72x 34 mm. The power indicator is the segment of the wave guide with a detector head. 
The detector is attached to a M-24 type microamperemeter. 

The wave guide cell for irradiation of the solution is shown in Fig. 2. Movement of the plunger 
in the cell is brought about by means of the micrometer head. In the apertures for the tube, special 
slots are made for passing the leads from the electrodes in the tube when the latter is introduced into 
the wave guide cell. The electrodes are square measuring 6x 6 mm and are 70 mm apart. The leads 
from the electrodes are sealed into the wall of the tube and project outwards by 6-7 mm. 

Trials with the apparatus have shown it fully satisfies the problem of how to ensure the possibility 
of measuring the electrical parameters and viscosity of protein solutions during irradiation with micro- 
waves in the 9-12 cm range with sufficiently accurate dosage of the microwave power absorbed in the 
test solution. When a physiological solution (Ringer’s solution) is added to the tube it is easy to achieve 
a c.t.w. of about 0-8, i.e. absorption in the solution of about 99 per cent of the microwave power sup- 
plied along the wave guide channe!. Thus, the accuracy of dosage is limited in the main by the calibra- 
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tion errors of the power indicator. Using a standard directional coupler and power meter of the MM-6 
type these errors do not exceed + 15 per cent. 

To standardize the investigation it is desirable to have the dose in units of specific power ab- 
sorbed—mW/ml solution. The power indicator can be calibrated in such units by dividing the values of 
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Fic. 2. General view of wave guide cell for positioning tube (or viscosmeter) con- 
taining test solution. 


power being measured in the wave guide channel by the volume of solution present within the wave 
guide (for a standard tube and cross section of the wave guide of 72 x 34 mm, volume 3-5 cm’). 

The arrangement described is intended for a wave range of 9-12 cm. However, similar devices 
can be produced for shorter waves (up to 3 cm range) with use of suitable wave guide instruments and 
a horn of suitable dimensions. 


LETTERS TO THE EDITORS 


COMPARATIVE STUDY OF THE MORPHOLOGY 
OF PHAGE PARTICLES BY MEANS OF SHADOWING 
AND NEGATIVE CONTRAST IN PHOSPHOTUNGSTIC 

ACID* 


A. S. TIKHONENKO 
Institute of Radiation and Physicochemical Biology, U.S.S.R. Academy of Sciences, Moscow 


(Received 20 October 1960) 


Stupy of the structure and constitution of the phage particles is of great importance for an under- 


standing of the functional réle of the separate elements of phage. 
There is now support for the view of many investigators on the functional réle of the phage tail 
process not only as an organ of attachment of the phage particle to the bacterial cell but as the organ 
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by means of which the bacteria are infected [1-4]. However, in this case the problem of the mechanism 
of the interaction of tailless phage and bacteria arises. It may be assumed that either the character of 
the interaction of tailless phage and bacteria differs from that in phage with processes or the tail process 
in so called tailless phage has not been demonstrated by the usual methods of preparing electron-micro- 
scopic specimens. Apparently, the latter supposition is more likely since Williams and Fraser [5] using 
a freeze-drying method, detected very short-tail processes in the phages T, and T, of E. coli B, earlier 
considered as without tail. 


Fic. |. Round Cd phage particles shadowed with chromium. Among the phage par- 
ticles not transparent to electrons are visible flat transparent membranes of empty 
phage particles. x 65,000. 


As is known, some parts of the phage body, for example, the tail process, scatter electrons in almost 
the same way as the supporting film and therefore, the contrast of such structures is extremely low. 
To increase the contrast of structures transparent to electrons the method of metal shadowing has been 
applied for fifteen years. This method has played a great réle in the study of structures with low con- 
trast and in particular, has made it possible to bring out quite subtle details in the structure of phage 
particles. However, a serious shortcoming of the method is that the object is covered by a film of metal 
which, although quite thin is still capable of concealing or smoothing the internal, and sometimes the 
external structural details. 

To demonstrate additional structural details of phage we decided to apply the method of negative 
contrast as proposed by Brenner and Horne [6]. With the method of negative contrast these workers 
were able to detect very fine details of the structure of viruses and phage. In the work the UEM-5 U 
microscope was used at 80 kV. 

For the investigation we selected cd F. coli phage of the SK strain. The air-dried preparations 
of the phage, shadowed with chromium, had the appearance of round, tailless particles of 75-80 mu 
not transparent to electrons (Fig. 1). 


Applying the method of negative contrast in phosphotungstic acid we were able to disclose addi- 
tional structures in this phage. The method consisted in the following: 2°, phosphotungstic acid solu- 
tion adjusted with 5 M KOH solution to pH 7-4 was mixed with an equal volume of a concentrated 
preparation of phage containing 10" phage particles per ml. After precipitation the concentrate of 
phage was resuspended in saline. The mixture by means of an atomizer was sprayed on to meshes cov- 
ered with collodion film. It was necessary that the sprayed drops were very small. 
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The concentrated suspension of phage was obtained by precipitation with ammonium sulphate 
and subsequent treatment with DNA-ase and differential centrifugation at 50,000 and 8000 g. 
The detailed technique of concentrating the phage has been described by Tikhonenko and Sol- 
ov’eva [7]. 

In the specimens prepared by the method of negative contrast, phage particles were discovered 
in which the head had a distinct hexagonal shape with a diameter of about 64 mu. In the phage parti- 
cles, the membrane and the dense internal contents of the head were well visible. Among the particles 
not transparent to electrons we encountered empty phage heads in which the membrane retained a hex- 
agonal shape. This suggests that the membrane of the phage head is quite elastic. As well as the struc- 
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Fic. 2. Cd phage particles “embedded” in phosphotungstic acid. Phage particles have a hexagonal 
shape with opaque internal contents and short tail process. Empty phage heads retaining a hexagonal 
shape are also visible. x 100,000. 


tures described above, in this phage which previously seemed to us to be tailless, short tail processes 
20-22 mu long and wide (Fig. 2) were detected. This method enabled us not only to establish the pres- 
ence of tail processes but to discover the fine details of their structure. Figure 3 shows that the short 
tail process consists of an outer covering and an inner core as in phage particles with long tail processes. 
In addition, in some phage particles it is possible to distinguish the fibres at the end of tail process which 
in all likelihood are analogous to the tail fibres of T-even phages of E. coli B. 

As a result of the investigation we discovered quite considerable divergencies in the dimensions 
of the phage head between the method of metal shadowing and the method of negative contrast using 
phosphotungstic acid. 

As noted above, the phage heads after metal shadowing were 75-80 mu in diameter whereas in 
phosphotungstic acid its diameter was 64 muy, a difference of 15-20 per cent. 

In our view the latter method gives a more realistic idea of the size of the phage particle since on 
shadowing, the object is covered by a layer of metal which considerably increases the dimensions of 
the particles and the variations in the size of the phage particles depend on the thickness of the metal 
layer. 

From the investigations it may be concluded that the method of negative contrast in phospho- 
tungstic acid helps to elucidate additional details of the structure of the phage particle apparently 
making it possible to estimate its size more accurately. 
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Fic. 3. Cd phage particles “embedded” in phosphotungstic acid. In the tail process an internal chan- 
nel with a core is visible. At the end of the process are fibres. x 28,000. 
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ANOMALOUSLY LARGE RESTING AND ACTION 
POTENTIALS OF CRAB MUSCLE FIBRES 
IN POTASSIUM-FREE SOLUTIONS* 


Ye. A. LIBERMAN, L. M. Tsortna and I. M. GLAGOLEVA 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 11 October 1960) 


MEASUREMENTS of the resting (r.p.) and action (a.p.) potentials of nerve and muscle fibres made by 
means of intracellular microelectrodes in different specimens in physiological salt solutions give similar 
results: r.p. 70-90 mV; a.p. 70-120 mV. It has repeatedly been shown that the r.p. for high and medium 
concentrations of K in the external medium changes in accordance with the formula 
[K*]int 
» 
[K*ext 


However, with a reduction in [K+*].x_ deviation from the logarithmic law is observed and with 
complete removal of K+ from the solution AV does not exceed 90-100 mV. The same result has been 
obtained for the muscles of crustaceans [1, 2]. The usual explanation of this fact is that in potassium- 
free solutions AV is determined by the permeability of the chloride and sodium ions. 

The amplitude of the a.p. in most specimens depends on the Na+ concentration in the external 


medium and may increase up to 120-130 mV with an increase in [Na*+].x,. The concentration of Nat 
does not affect the a.p. of crustacean muscles. However, very large a.p. can be obtained (up to 
140-150 mV) in isotonic solutions of SrCl, or BaCl, containing neither Na+ nor K+ ions [2, 3]. When 
fresh crab muscle or muscle from Ringer’s solution is placed in these solutions the r.p. usually does 
not exceed 80-90 mV [3]. A different picture is observed if before placing the muscle in an isotonic 
solution of SrCl, or BaCl, it is kept for a long time (3-5 hr) in potassium-free solutions not containing 
Sr or Ba. The r.p. in this case rapidly rises. In preliminary experiments it was possible to o btain an r.p 
of up to 150 mV. After replacing either the normal or the potassium-free (NaCl+CaCl,; NaNO;+ 
Ca(NO,),, etc.) solution the membrane resistance of the fibres increased by approximately the same 
amount; in solutions of Sr the increase was 4-5 times, in Ba solutions 10-15 times. It is difficult to 
reconcile this result with the membrane theory from which a considerably greater membrane resistance 
in the cose of high (150 mV) resting potentials should have been expected. In fact, within the framework 
of the membrane theory such potentials must imply a sharp reduction in permeability to chlorides 
since the equilibrium potential for Cl” in these conditions cannot exceed 80-100 mV. 

Fibres having an r.p. of 120-150 mV retain electrical excitability and the amplitude of the a.p. 
was also considerably greater than that previously observed. It was possible to obtain an a.p. with an 
amplitude up to 200 mV. The figure shows the a.p: (A) in SrCl, (267 mM) after a 3-hr stay in istonic 
NaCl+20 mM CaCl, and (B) and (C) in BaCl, (267 mM) after a 5-hr stay in isotonic NaNO,+ 20 mM 
Ca(NO,),. In all cases reversal in the sign of the potential was observed on generation of the a.p. The 
potential with inverse sign reached 80 mV. 

Highly noteworthy is the minor change in membrane resistance at the peak of the “giant” a.p. 
According to preliminary data, the resistance at the moment of generation is reduced by not more than 
half. This result is also difficult to explain by the membrane theory according to which change in the 
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sign of the potential with minor change in the resistance could follow only from a sharp reduction at 
the moment of generation in the permeability of the membrane to K+ and Cl-. It is to be hoped that 
further study of anomalously large resting and action potentials will help us to understand the mech- 
anism of the origin of biopotentials in normal conditions. 
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POSSIBILITY OF MIGRATION OF ENERGY BETWEEN 
MOLECULES OF TRYPTOPHAN* 


S. V. Konev, M. A. KATipMikKOy and M. A. PETROVA 
Laboratory of Biophysics and Isotopes, Academy of Sciences of the Belorussian S.S.R., Minsk 
(Received 18 September 1960) 


IN a preliminary communication Teale and Weber [1] indicated the possibility of energy transfer by 
means of inductive resonance between the molecules of indole and cresol in concentrated solutions. 
However, tryptophan which has a very important bearing on the problem of energy migration via 
a protein has not been studied, probably because of the difficulty of obtaining concentrated solutions 
of this amino acid in water or in the usual organic solvents. 

We obtained 6-6 x 10-* mole/l. concentrations of DL-tryptophan in glycine buffer at pH 12 and 
in alkaline solution of glycerol (pH 12). 
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The process of energy migration was judged from two criteria; concentration quenching of fluo- 
rescence and the degree of polarization of fluorescence in the different concentrations. 

The degree of polarization of fluorescence was studied by the photoelectrical method in an appa- 
ratus consisting of an OJ-18 ultra-violet light source, a SF-4 spectrophotometer with an attachment 
designed for polarization measurements, a FEU-18 photomultiplier and a d.c. amplifier. As an ultra- 
violet light polarizer we used a Glan prism in which Canada balsam was replaced by chemically-pure 
glycerol transparent in the ultra-violet region of the spectrum. A Glan non-detachable prism served as 
analyser. In front of the photomultiplier window was placed a depolarizing mica plate the thickness 
of which was a multiple of a quarter of the wavelength of the fluorescent light. The relative quantum 
yield was studied on the same apparatus after a certain rearrangement of the units. Excitation of flu- 
orescence and measurement of its intensity were made on the side normal to the front face of the cu- 
vette. The integral fluorescence spectrum of tryptophan was recorded in the region 320-280 mu (light 
filter UFS-6). 
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Concentration depolarization (1) and concentration quenching (2) of fluorescence 
of fluorescence of tryptophan solutions in glycerol, pH 12. 


The relative quantum yield and the polarization of fluorescence were studied for concentrations 
from 3-3 x 10-4 to 6:6 x 10-? mole/I. are given in the figure. It is clear from the curves that the concen- 
tration quenching of fluorescence starts at a concentration of 10-? mole/l. The degree of polarization 
of fluorescence diminishes starting from a concentration of 5x 10-* mole/I., i.e. somewhat earlier. 
This latter fact is in good agreement with the published findings obtained for concentrated solutions 
of dyes [2]. The setting of the limits of the concentration effects in a region of comparatively high con- 
centrations (0-5-0-6 x 10-* mole/l.), as compared with the majority of dyes (10-* mole/].), is explained 
by the small degree of overlap of the absorption spectra and fluorescence of tryptophan. 

Calculating from the experimental data according to the formula [3] 


7-35 x 10-8 7 
R I 


it is possible to state that the mean distance between the molecules at which the emissive and 
non-emissive (inductive) deactivation of the excited molecule become equal is 24 A. 

Since the concentration of tryptophan in most proteins is commensurate with 10-' mole/l. and 
the average distance between the aromatic amino acid residues is 10 A, then between them there must 
occur processes of energy migration manifest in a reduction in the quantum yield of fluorescence and 
in the depolarization of fluorescence. 
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RELATION BETWEEN THRESHOLD VOLTAGES 
AND FREQUENCY OF STIMULATION* 


A. K. PRrits 
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In our work [1] it is postulated that for the muscle tissue to start to contract a definite change in the 
rate of exchange with the surrounding medium is necessary. This postulate can be written in the form 

Ac = Ge — Ge, = 4, (1) 
where ce is the negative entropy corresponding to the start of contraction; ce, the negative entropy in 
the state of “rest” of muscle tissue, as a constant for the given muscle tissue of a given size. 

On the basis of this postulate an experimentally-confirmed formula reflecting the relationship 
between the voltage and time necessary for the threshold effect is derived. 

Expression (1) also makes it possible to obtain a relation between threshold voltage and frequency 
of stimulation of tissue necessary to obtain a threshold effect. We shall proceed from the scheme pres- 
ented in the figure, assuming that the frequency of stimulation is determined by the frequency of clos- 
ing key K. Of course, this scheme does not correspond to the actual scheme of the apparatus used in 
the experiment for rhythmical stimulation of tissue, but, in principle, has the same form. Here, E, is 


ji 
ly 
c 











the emf of the source of current, R, the sum of the resistances of the source of current and the supply 
leads, R, the ohmic resistance of muscle tissue and C, its capacitance. Both the resistance and capaci- 
tance of muscle tissue are determined by its structure. 
Change in the negative entropy produced by switch on of electric current is equal [2] to 
1 
—_ = 2 
Ac, = , PR, (3) 
where T is the absolute temperature and J is the strength of current passing through resistance R. 
After composing and solving Kirschoff’s equations we find that 


I=I, [1 -ex | - 1? aloe 


Ey 


I= ‘ 
R,+R 


* Biofizika 6: No. 3, 376-377, 1961. 
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In expresion (4) this the time during which the electrical circuit depicted in the figure is closed, i.e. ¢ is 
the duration of the action of stimulating current. 

We shall denote by + the time between two consecutive switch ons of electric current. Then, we 
may write the equality 


(6) 


where v is the frequency of switching on the electric current, i.e. the frequency of stimulation of tissue 
with electric current. 

The time + can be broken down into two intervals of time: ft, the time during which the electric 
circuit is closed and ¢’, the time during which the electric circuit is open. If we proceed from the electri- 
cal model of the structure of the muscle presented in the figure, then ¢’ is the time allowed for the con- 
denser of capacitance C to discharge through resistance R. It is clear from the postulate that if ¢’ is 
greater than the time necessary for complete discharge of the condenser, then we shall observe no thresh- 
old effect however long we stimulate the tissue. 

Therefore, let t’ be less than the time for complete discharge of the condenser of capacitance C 
through the ohmic resistance R. Using expressions (3), (4) and (5) we write the changes in negative 
entropy due to switching on the electric current 


Ao’ = - 


1 E&R | + (7) 
© T (R,+R) ; 


Change in the negative entropy at break occurs in a direction opposite to change at make. It is 
equal to: 


Pe [1-« “R)'] e HC, (8) 


e T (R,+R) 
Change in the negative entropy in time + equals: 

Tie. 2t/ 

E3R + aes of 
ya IW c\R R | (1—e Rc). (9) 

. T (R+R,)* 
Let us obtain a threshold effect on stimulation of the muscle tissue with an interrupted current 
of frequency v. This means, according to [2] that 


Ac, = v (Ao’+ Aco’”) = Q. (10) 
Using (9), expression (10) can be rewritten: 


ER 


—— 
(R,+ RYT 


ae. ata 
Knowing that ¢ — t, from (11) it is clear that 
v 


a see 


)' V vfr-enae 


Expression (12) shows how the threshold voltage of the stimulating current depends on the fre- 
quency of stimulation, the resistance of the supply leads and the state of the tissue expressed by its 
resistance R, capacitance C and absolute temperature 7. 

From (12) it is clear that for some relationships between v and ¢, with an increase in the frequency 
the threshold voltage may diminish. However, for further increase in frequency the threshold voltages 
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sharply rise and with a sufficiently high frequency, to obtain a threshold effect a voltage is required 
so high as to be practically impossible and the effect of contraction is not observed. This is confirmed 
experimentally. 
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UNIVERSAL CHARACTERISTICS OF FIXATION EYE JERKS 
CHANGE OF FIXATION AS A CYBERNETIC MODEL 
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IT is now no longer necessary to justify in detail the need for study of the acts of directed behaviour 
of the living organism from the point of view of cybernetics. 

As Sechenov himself pointed out, turning of the visual axes on to a new object may serve asa phys- 
iological model of such acts in the realm of vision. 

1. Dual regulation of fixation reflexes and “universal” law of eye jerks. The reflex of change in 
fixation is amenable to recording and can be quite easily analysed mathematically. Systematic investi- 
gation of the characteristics of changes in fixation between visible points and the conditioned reflex 
fixation turns of the eyes, conducted by means of the improved technique of electro-oculography with 
special control procedures, has shown that in regulation of the acts of change of fixation an important 
orientating réle is played by “tunings” of the higher centres of proprioception of the oculomotor sys- 
tem produced by the optical or conditioned stimulus [1-5]. 

In this connexion it is obvious that the oculomotor system in performing changes in fixation can 
be likened to a system of automatic regulation eliminating the initial disharmony [4, 5]. The character- 
istics of the fixation turns can be considered as transitional characteristics of the system. A compli- 
cating feature of the changes in fixation between visible objects is the simultaneous participation of 
feedbacks in the control of the reaction through the higher nervous centres both of the external (visual) 
and internal (oculoproprioceptive) sensory mechanisms. Interpretation of the interaction of both these 
nervous mechanisms in the regulation of “optical” changes in fixation is a problem to itself, requiring 
more detailed analysis of the characteristics of the reactions. 

It was first found that the conditioned reflex fixation turns of the eyes, controlled only through 
the centres of oculoproprioception, are similar in their characteristics to the changes in fixation be- 
tween visible points and that this similarity is brought about in the main by the similarity of the elemen- 
tary eye movements—individual jerks as part of the turns of the eyes of a particular type [1-4]. But, 
in fixation turns of the eyes that one most varied in direction and dimensions, the individual jerks are 
abserved to have uniform characteristics and it has been noted [2] that the characteristics of individual 
eye jerks, as part of the “optical” changes in fixation, do not apparently depend on the conditions of 
stimulation and the orientation of the eyes. 


* Biofizika 6: No. 3, 377-384, 1961. 
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The discovered “universality” of the characteristics of individual jerks places in a new light the 
problem of the interaction of both mechanisms of regulation in the execution by the individual of 
changes in fixation between visible objects. Accordingly, the proposed “universal law” of fixation jerks 
and possible conclusions on cybernetic lines are considered below in greater detail; considered on the 
basis of an investigation of the systematic cycle of eye jerks as part of the fixation turns—both “optical” 
and conditioned ones—on three subjects, with recording of about 10,000 reflexes in different directions 
during 280 sessions. 

Determination of the numerical “universal” characteristics of fixation jerks of the eyes may be 
of intrinsic importance in neuro-ophthalmology and the neurology of eye muscles and also in solving 
important practical problems in detection and vision. 

2. “Universal” curves for the angular velocities in movement of the eyes in the course of fixation jerks. 
The “optical” or conditioned reflex fixation turn of the eyes come about either in a single jump or in 




















Fic. 1. Characteristics of fixation turns of eyes between visible points. Turns: f, by 6°20’; a, by 12°; 

b and c by 25°; d and e, by 35° to right and back; a and b, turns with correction jerks after initial 

“throw” of eyes; c and d, turns in four jerks (with “throw” and correction); e and f, turns in two jerks 

to right and back—‘“throw”; f, after three jerks and correction. Top line, tracing of stimulations; thick- 

ening indicates sound signal. Ordinate scale, 10° turn of eyes; time 0-2 sec. Subjects N.A.F. and 
Yu.D.Ch. Electrophysiological records. 


several individual ones of different angular dimensions with variable pauses between them [1-5]. A 
striking feature is that for all the variability in composition of the turns, the smaller individual jumps 
constantly proceed at a correspondingly slower pace than the jumps of larger dimensions (Fig. 1); 
for comparison of the jumps in equal turns—see Fig. 1 (b) and (c). Examples of numerical treatment 
of the data are given in Fig. 2 and Table 1. Table 1 gives a graphic representation of the “universal 
law” in action: the speed of motion of the eyes in jerks of uniform angular size (for example, 5°) are 
essentially indistinguishable even if the jerks as in the example given correspond in the conditions of 
their origin to nine different variants (projections of stimuli, positions of eyes, directions of jerks and 
combination of these factors). 

Thus, it turns out that the numerical data on the speed of motion of the eyes are governed by 
a single pattern irrespective of: (a) the original peripheral projection of the new point of fixation at 
the moment of production of the turn; (b) the peripheral projection of the old and new points of fixa- 
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TABLE 1. VELOCITY OF MOVEMENT OF EYES TO RIGHT ALONG HORIZONTAL IN FIXATION JERKS OF UNIFORM 
SIZE BUT DIFFERING IN CONDITIONS OF ORIGIN AND COURSE (SIZE OF JUMP 5°, SUBJECT N.A.F.) 


_At moment of origin of jerk | At moment of completion of jerk | 


Velocity (V) of 
eye movement, 
°/sec 


Given 
direction 
of fixation 


*,* . . *,* . . | 
Position | Position of projection! position | Position of projection 
of eyes of points on retina | of eyes of points on retina | 


in orbit pin) SP GSB 
Old | New 


—5° | Absent : ‘ 130 
—5° ee | | | 125 
160 Vnnean = 
| 150 
| 155 
| 130 
—1°20’ | 160 
—1°20’ | 160 
—1°20’ | 115 Vmean = 
+40’ | 140 
—1°20' | 155 
| | | 135 Venn = 
Absent _ | 160 
0 . id | 130 
Absent -- 2 150 Vmean = 
| 150 


0 

Absent Absent 
” +35° ” 
” es 35° ” 





Total of 20 jerks: V = 146-1°/sec +3-3°/sec; nee 15-0°/sec. 
* Sign + denotes disposition of projection of eyes to right; sign — to left of centre (retinas or 
orbits). 


tion at the moment of the jerk; (c) the orientation of the eyes in the orbits at this moment; (d) the 
number and dimensions of the jerks preceding or co ming after the given jerk in the turn; and (e) the 
direction of the jerk towards the side of the turn or a way from it. 

The “universal” velocity curve obtained in the investigations for individual eye jerks is given in 
Fig. 3 for turns between the visible points along the horizontal. On the curve (and on both sides) are 
plotted for the changes of fixation of 6° 20’, 12°, 25°, 35° used: (a) in the range of jerks up to 3°, chiefly 
the correction jerks completing the different turns; (b) in the range from 3-6-7°, the final correction 
and initial jerks as part of the small and medium turns; (c) in the range from 7-14°, chiefly medium 
and large initial jerks and the intermediary jerks of large turns and, finally, (d) range above 14°, in the 
main the initial and intermediary jerks (including jerks “with throw”) as part of the large turns of the 
eyes. The curve thus, in accord with the above definition of the “universal” law, brings together the 
characteristics of the final, intermediate and initial jerks in the turns for different conditions of origin 
of the jerks. Similarly, it represents the jerky changes in direction of the visual axes from the old to 
the new point, from the old point “in darkness” or in the space between the old and new points and 
also “from darkness” to the new fixation point. A particularly important aspect is that the jerks termi- 
nating in transfer of the new point to the centre of the retina do not differ in characteristics from the 
other jerks forming part of the fixation turns of the eyes between the visible points. 
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It should also be noted that the “universal” curve of the speed of motion of the eyes in the jerks 
embraces the entire span of the fixation jerks normally observed in man which are still compatible 
with prolonged keeping of the eyes in a turned position (for example, up to 40°). 


log V VV sec 





2 J¢56 00 8 URE y 
o Ot 06 HI HN Hiogp 


Fic. 2. Independence of the velocities in correction jerks and the original peripheral extent and of 

the optical stimulus and of the peripheral extent at the moment of origin of the jerk. Abscissa, size of 

jerk in angular degrees and its logarithm; ordinates, velocity of movement of eyes in °/sec and its loga- 

rithm. Crosses and continuous curves show averaged velocities in correction jerks at various set angles 

of rotation: circles and dotted lines indicate averaged velocities in jerks of large dimensions for any 
instructions. Subject K.D.T. 


Finally, the “universal” character of the laws discovered can be considered conclusively established 
on the basis of an additional systematic study made in a subsequent series of experiments on the char- 
acteristics of the eye jerks as part of a vertical and diagonal fixation turn. Systematic analysis of the 
recorded characteristics of these turns of the eyes in the same subjects showed that the averaged veloc- 
ities of the eyes in jerks in all their directions can be described by curves indistinguishable from the 
curve in Fig. 3 (see also the corresponding columns in Table 2). 

The details of the “universal” curve (Fig. 3) call for some explanation. 

Numerical data on the velocities of the eye jerks along the vertical and diagonal have so far been 
absent in the literature, and the published findings on the velocities of the jerks along the horizontal 
up to 5° and over 20° are fragmentary. Consequently, the “universal” curve obtained not only unifies 
the data on the velocities of motions of the eyes in changes of fixation but considerably extends the 
range of movements investigated. 

In its central part the “universal” curve can be compared with the published findings on the ve- 
locities of motion of the eyes in fixation turns along the horizontal when they are effected in a single 
jump [6-8]. Table 2 shows that our findings in this interval lie between those of Dodge [6] and Yarbus [8] 
and bel ow the figures of Westheimer [7], who for unknown reasons obtained manifestly exaggerated 
velocities of the eye movements. 
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TABLE 2. RELATION BETWEEN ANGULAR VELOCITIES OF MOVEMENT OF EYES IN JERKS 
WITH CHANGES OF FIXATION BETWEEN VISIBLE POINTS 





Mean angular velocities (°/sec) 


elie | . . . 
\ , A. Own data B. Published findings 
Size of jerk s 
in degrees ST. Coll oe naacensneniall : 
Dodge | Westenheimer Yarbus 
(6) m | 














| 
Horizontal | Vertical Diagonal | 
| 
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* Two jerks of 15°. 
** Extrapolated. 


Particular interest attaches to the behaviour of curve in Fig. 3 in the range of small jerks—below 
the angular size of the radius of the zone of “distinct vision” (about 2°). The absence of a break in the 
monotonous course of the curve on approaching the region of jerks commensurate with the radius of 
the fovea and also the discovered possibility of extrapolating the curve to the range of intrafoveal 
“flickers” (in accordance with the data of Lord and Wright [9]) compel us to assume that the same 
nervous mechanisms control the changes in fixation both outside the fovea and within it. 


Retardation in the increase of the velocities of eye movements in fixation jerks on reaching dimen- 
sions of 18-20° and higher was previously observed by Dodge [6] (although not emphasized) (see Ta- 
ble 2). A characteristic aspect of these jerks is the mean angular velocity of the eye movement of about 
350°/sec virtually independent of the size of the jerk. This phenomenon also does not go beyond the 
frame of the “universal law” of the jerks. 

Over the range with a distinct rise in velocities the slope of the curve in Fig. 3, as already noted 
earlier [2], somewhat resembles the curve for intercone distances at various points from the centre of 
the retina [10] and in absolute terms the velocities of the movement of the eyes are comparable with 
the limit velocities of the movement of visible objects still differentiable by the eye [11]. However, the 
facts on the course of the eye jerks irrespective of the conditions of projection of the optical stimuli 
(and even, as we shall see, their presence or absence) contradicts the attractive idea of a direct connexion 
between stimulations of the photoreceptors of the retina (or acts of visual perception) and the char- 
acteristics of the jerks. 
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In accord with the variability in the composition of fixation turns a considerable reduction in the 
scatter of velocities is observed in the individual jerks as compared with the scatter of velocities in the 
turns as a whole. Taken together with the content of the “universal law” this definitely points to the 
relatively elemental nature of the mechanism of formation and regulation of individual jerks compared 
with the mechanisms of regulation of turns involving jerks. At the same time, the dispersion in the 
characteristics of the jerks shows that the relation between the factors encompassed experimentally 
in the formation of the jerk and its course is not rigid—the course of the jerk is not “predetermined” 
wholly by projection of the stimulus on the retina or by the position of the eyes or a combination of 
these factors. 
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Fic. 3. “Universal” curve of velocities in jerks forming part of turns along horizontal (averaged data 
for three subjects). Heavy continuous line, mean values of velocities; thin lines, scatter (standard devia- 
tion); dashed line, complete acatter (double standard deviation); heavy dashed line, extrapolation in 
region of small jerks. Number of observations given on the curve. Subjects K.D.T., N.A.F., Yu.D.Ch. 


Of fundamental importance to cybernetic analysis are the results of systematic objective study 
carried out for the first time in research on the characteristics of the conditioned reflex changes in 
fixation in complete darkness—turns of the eyes to a conditioned signal in a given direction (reinforced 
by withheld presentation of the new point in this direction). Occuring in the absence of external (optical) 
stimuli these turns of the eyes, as already stated, are controlled by a conditioned signal through the 
higher cerebral centres of proprioception of the eye musculature and appear to be, as it were, the 
characteristics in a pure form of the “muscle” sense of the eyes in action. 

Numerical analysis of systematic records of the conditioned reflexes of fixation in the same subjects 
showed that the “universal law” extends also with a certain limitation, to the jerks in these turns. The 
curves of velocities of the movement of the eyes in the jerks forming parts of the “optical” and the 
conditioned reflex turns (Fig. 4) have an identical character with only slight divergenus: the mean 
velocities in the jerks as part of the turns of both types differ by less than 10 per cent in the range of 
jerks from 0-10° and only for jerks over 18° is a relative movement of the eyes observed in conditioned 
reflex turns retorded (or relative acceleration of jerks between the visible fixation point) on average 
by 20 per cent. 

A similar minor shift towards retardation of the largest jerks in conditioned reflex turns with 
complete retention of the character of the curve was observed also between the curves of velocities of 
the movement of the eyes on change of fixation along the diagonal. Still greater coincidence of the 
curves (for thousands of recorded observations) was noted for turns of the eyes along the vertical: 
the jerks of the eyes of uniform angular dimensions in the vertical plane had on average the same veloc- 
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ities over the entire range irrespective of whether they formed part of “optical” or conditioned reflex 
turns. 

The scatter of velocities in the jerks in the conditioned reflex turns was relatively high. Each indi- 
vidual jerk on change of fixation between visible fixation points might also have been accounted for 
by a conditioned reflex rotation; at the same time, in more than 50 per cent of the cases the jerks in 
the conditioned reflex rotations might in their characteristics have formed part of the “optical” changes 
in fixation. 
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Fic. 4. Angular velocities of movement of eyes in jerks forming part of conditioned reflex fixation 
turns along horizontal (averaged data for three subjects). Heavy continuous line indicates mean values 
of velocities and less heavy line on both sides standard deviations (heavy broken line, extrapolation). 
Oblique shading gives, for comparison, “universal” curve for velocities in jerks between visible points 
of fixation (continuous curve, mean values, broken line limits of full scatter). Subjects as in Fig. 3. 


Thus, the main differences in the velocities of movements of the eyes in performing jerks as part 
of conditioned reflex and “optical” fixation turns lie in a certain acceleration of the large jumps in 
turns between the visible points. Among the large jerks, the number of initial jerks in the turns was 
high and therefore, it cannot be excluded that this acceleration is connected with the action of the 
optical stimulus at the start of the eye movement. 

With these limitations, the characteristics of the eye jerks are fully universal. The mechanisms of 
direct regulation of the eye jerks are probably similar in all cases. 3. Regulation of “optical” reflex 
changes, in fixation and orientation in the surroundings. 

With respect to events in the central nervous system “the universal law” above all implies that 
fixation turns in each separate volley of impulses directed from the higher nerve centres through the 
subcortical nuclei to the extrinsic eye musculature, the frequency of impulses and duration of the volley 
(number of impulses) are interrelated by a definite (flexible) “code”. 

The effect of this code is apparently the result of adaptatory activity of the body and is maintained 
by the structures of higher levels; it is manifest both in regulation of the eye movements through the 
oculoproprioceptive centres and in changes of fixation between visible points where, in the regulation 
of the movements of the eyes, visual higher nerve centres take part together with oculoproprioceptive 
(oculo-kinesthetic) centres. 

All this allows us to represent hypothetically in the most general form the oculomotor system for 
regulation of the “optical” reflex of change of fixation as a closed system of automatic regulation in 
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which, by means of two parallel specific systems of feedback the double initial disharmony produced 
by the external tuning (Fig. 5) is eliminated in several work cycles. 

We already know [2-3] that an optical stimulus (a) besides tuning in the visual centres, at the 
same time produces a corresponding tuning in the centres of oculo-kinesthesia responsible for the 
“muscle-sense” of the eyes. At the same moment “releasing” through the effector centres a reaction 
which (although reflecting to a certain extent the visual-oculomotor experience of the body) may be 
abortive and erroneous. 

Both the initial and each subsequent jerky work cycle of the system until the visual axes are finally 
set on a new object are completed by delay in contractions of the eye muscles and signals indicating 
changes in their length through the muscle and tendon receptors to the centres of oculo-kinesthesia, 
whereas the altered localization of the optical stimulus is signalled to the higher visual centre by the 
light-sensitive elements of the retina. During each intermediary pause the information on the coupled 
variations in the length of the muscles and the localization of the initial stimulus is processed in the 
higher nervous centres of both sensory systems with the object of further parallel elimination of the 
original disharmony. 
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Fic. 5. “Cybernetic” arrangement demonstrating principle of regulation of “optical” fixation reflexes 
on the basis of initial tuning both of the visual and oculo-kinesthetic cortical centres with parallel action 
of feedbacks from photoreceptors of retina and proprioceptors of eye muscles. A, optical stimulus; 
dash line, paths of tracking signals along feedbacks from retina and results of their recording. Effector 
centre is a complex system of cortical and subcortical oculomotor centres. For details see text. 














According to the final formulation of the “universal law” the current optical stimulation of the 
periphery of the retina only slightly accelerates the fixation jerks. Therefore, it may be assumed that 
volleys of the active correction signals (up to complete wiping out of the disharmonies) in the main 
are successively produced in the oculo-kinesthesia centre at the end of the pauses as a result of recording 
of the information on muscular contraction against a background of the current residual disharmony. 
In this assumption the visual centre maintains the higher control functions, being the leading factor 
in vision and recording more precisely than the centre of kinesthesia the back information fed to it; 
on the basis of inherent residual disharmony it introduces on each occasion correctives into the residual 
disharmony of the centre correspondingly raising the excitability of the neurones and the centres of 
the oculomotor system. This control makes itself felt particularly at high residual disharmonies in which 
the independent activity of the kinesthetic centre is least precise. 

Nor can it be excluded that in the work of the system the effect of the channels of the visual and 
kinesthetic feedbacks come about in separate cycles. It is possible that models will help to elucidate 
these further details of the regulation of fixation changes. 
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As a whole, analysis of the characteristics of the eye jerks with fixation changes shows that the 
acts of directed behaviour bear the features of transitional processes in systems of automatic regulation 
during which specific double feedback channels are used and, in parallel, the initial disharmonies pro- 
duced by the adequate and conditioned stimulus in the higher centres both of extero—and propriocep- 
tion are eliminated. In accord with the experience by the body of the action of extero- and proprio- 
ceptive feedbacks, the coupled sensory events of external and internal origin, in their regulatory mani- 
festation, mutually control each other in the behaviour of the body. 

The given “cybernetic” scheme of behaviour is in accord with the hypothesis of Pavlov on temporal 
(conditioned reflex) shifts in excitability (tuning) of the higher centres of kinesthesia as the leading 
mechanism for regulating “voluntary” movements [12] with, however, definite additions to it. In the 
orbit of inspection and on the basis of the findings obtained on the characteristics of directed eye move- 
ments, information feedbacks are additionally introduced from the peripheral organs of reception, 
which enables one finally to represent the directed movement (and in essence, any conditioned reflex) 
as a transitional process of a system of automatic regulation. In addition, on the basis of the “universal 
law” of eye jerks the coupling of the action (present in the course of the reaction) of the conditioned 
links of the proprioceptive and exteroceptive centres is demonstrated: to be adequate the behaviour 
must obviously respond harmoniously to the sensory tunings of the systems processing the information 
both on the inherent response shifts in the body and organs and the relative shifts for this conditioned 
reflex “target”. 

The experimental results outlined and the ideas developed on the basis of the transitional char- 
acter of behaviour or acts utilizing the tuned sensory “patterns” of excitability produced in phylo- 
and ontogenesis and the coupled mechanisms of regulation diverge from certain biomechanical [13] 
and cybernetic [14] concepts that regard the body as a system controlled by effector programmes de- 
riving from statistics of events in the environment. For the activity of the human brain obviously, on the 
contrary, the characteristic aspects are far-reaching independence of current events and utilization in 
each new act of definite adjustments and mechanisms in which in essence, past experience gained by 
the body on the basis of its inborn organization is generalized. 


Accordingly, in the psychological context the “universal law” emphasizes the regulatory impor- 
tance of acts of perception in adaptatory (directed) activity and suggest that the constancy of spatial 
perception irrespective of the movements of the body or organs is based on a union of adjustments 
and mechanisms for eliminating discords arising in parallel in systems of extero- and proprioception. 
Movement and activity from this point of view are simultaneously the result of adequate perception 
of the environment and its source. 
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As is known, statistical distributions are almost exclusively described on the basis of 
statistical moments. In particular, as the centre of the distribution, the mean value 


— LyX 
x = —— =m 
Dy; 
is most often ‘adopted (y;, the frequencies corresponding to the values x;). 

Yet, in many cases, for example, some non-parametric tests in experimental biology 
and biophysics, other characteristics for the centre of distribution, in particular, the 
median or mode are more convenient or get nearer to the heart of the matter. The 
latter are particularly convenient in that they do not depend on the features of the 
distribution at the extremes of the series where the frequencies are usually less reliable 
and accurate; at the same time the frequencies close to the extremes of a series 
fundamentally influence the values of the moments, especially the higher orders 
of the moment. 

The limited application of these characteristics is related not only to well known 
advantages of the method of moments (convenience of analytical operations, existence 
of theorems of combination, etc.) but also to the fact that this method offers a whole 
set of characteristics knowledge of which gives a description of the given statistical 
distribution as complete as desired. 

This merit is not afforded by the other two methods of description. With the de- 
scription starting from an analysis of the accumulated frequencies Q; use is made, 
besides the median Me = x= 1/2) as the characteristic of the centre of dis- 
tribution, of the semi-inter-quartile-range 3 [xg = 3/4) — X(@ = 1/4)] as the character- 
istic of scatter; the asymmetry, excess and other properties of the distribution 
are not described by this method. A description based on the values of the frequen- 
cies y; uses besides the mode Mo = x(y = y,,x), a further coefficient of the slope 


x— Mo ' 
e=- —, but this latter value requires knowledge of the moments m, = x and 


* Biofizika 6: No. 4, 385-391, 1961. 
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Below, it is proposed to supplement these two descriptions so that each represents 
a closed system of statistical characteristics allowing, in principle, complete descrip- 
tion of the given distribution. 

It is known that for distributions of the Pearson type, embracing the large majority 
of distributions encountered in practice, that the following recurrent relation exists 
between the statistical moments ([I], p. 138): 


where r, = u,/o°. This means that the only independent parameters besides x and ¢ 
are r, and ry, i.e. for complete description of the distribution it suffices to know four 
parameters. This is also clear from the fact that the initial differential equation 


1 dy x a 


y dx by + dix 


from which the Pearson’s functions are derived contains four independent parameters. 


If the distribution is close to normal, then, in general, one can confine oneself to 
the first four moments discarding in the Charlier function all terms containing moments 
of higher orders and writing the equation of the curve in the form: 


[(x) = 9(x) 


o(x) 


where A is the coefficient of asymmetry, £, the excess and n the volume of the entity. 

Hereafter, we shall write the values relating to the system of accumulated frequencies 
with the subscript Q; the values relating the system of frequencies with the subscript 
y and those relating to the system of moments without subscript. Thus, we must de- 
termine the systems of the values X9,¢9, Ag and Eg (“Q” system), x,,6,, A, and E, (“y” 
system) and give their connexion with each other and to the values from the x, o, A 
and E system (“u” system). 


We shall introduce the following notations: the value for x at which the accumulated 
frequency Q (related to the unit volume of the entity) is equal to x, we shall term 
Xg-—x; the value for x at which the frequency y (in fractions of the maximum frequency 
Vmax) iS equal to «, we shall term x;_, (the signs + and — corresponding respectively 
to the values x,<2 > X,=; and X,<¢ < Xy=;). 


The definitions will naturally introduced: 
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(X= — Xo-14)s 


— Xo=1 2) =o (Xg=1 ie XQ=1 ) ~ XQ=3/4 T Xg=1 Raia 2XQ=1 9 


> 


(Xg=3/4 — Xg=12) + (Xg=1/2 — XQ=1/4) Xo=s3/4 — XQ=1/4 





| _ Xge=as — Xgz=1s 
norm 


2/4 — Xg=1/4 Xo=2/4 — XQ=1/4 





Xm 
a Xy=1 2 Jnorm 


The values 1-705 and 1-416 are obtained from the tables of integrals and ordinates 
of the normal curve. Obviously, Xg is the median, x, the mode and og the semi-inter- 
quartile-range. 

In the case of low asymmetries and excess, one can establish the approximate re- 
lations between the corresponding values for the different systems of characteristics. 
For this purpose, we use the approximate Charlier function (1) normalizing the Gaussian 
function to unity and introducing the argument: 


io (4) 


so that 


Then clearly, 


We shall denote by £5-. the value satisfying the condition 


o=a 


[ 9@dé =a. 


oO 
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If A and E are small, then 
(8) 


will also be small, so that we can confine ourselves to the first approximation for AZ9_. 


and write: 


S@)d2 + Moe x SES x)s 


whence 


ME o x 


According to (5) and (6) 

N 

Q x 

a A il E _ 

| f(E)\de = « po EG=2) po (EG=a); (10) 
6 24 


if we confine ourselves in the final expression to the first approximation for A and E, 
then in the denominator of (9) one can consider only 9(E9-«), so that finally: 
4 o(ES x) E po" EG <a) 


Bh oe te te i — (11) 
. 6 9-2) 24 o(GG=c) 


From the table of the normal function, its integral and derivatives ([2], Table 33), 
we have 
0-6745, ES=1s,7/s + 1-1503, (12) 
and then 
QEQ=-2) 9%(EQ=-0) 9"Eo=a) 
0-3989 0-3989 0 
03178 —0O-1732 =+0-5455 
0-2059 0:0665 -+0-3971 
Therefore: 
0-167 A, 
0-091 A + 0-072 E, 
0-054 A = 0-080 E. 


8 


Then, from equation (2) we get, taking into account (4), (8) and (12) 


~ x —0:17 Ao, 

~ (0-67 — 0-07 E)c, | 
Ao = 0-11 A, | 
Eg x 007 E 
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We would note that the relation between og and c in the first approximation does 
not depend on the asymmetry (cf. [3], p. 150). 
We now pass to the y system. Here instead of (6), the initial relation will be 
SG, aa) af (, 1). 
Likewise, the value £¥_. is determined instead of by (7) by the equality 
Q ahs a Se xO (Gym): 
Then, using a notation similar to (8) 
AE, =a = 7 om 
and 
pEy=a) = PGyaa + 


we have after substituting in (15): 


4 oC ae > 4 : 
gra) ia Ey=1?’ E51) — oV(EX_.) — (19) 


taking into account that the odd derivatives of 9(€) for — = &_, are equal to zero. 
We find the value Aé,_, from the condition for the maximum 
f'G =v = 9, (20) 
which together with (5) and (18) gives 
- san a A _ 
DE a1 19 E5=1) + — 9 Gyan) | & — 9 Euy)- (21) 
24 6 
Since all calculations are made in a linear approximation for A and E, then 
- AME) 
6 9X) 


Sy=1 ~ 


Since, o™(EX_,) = —0-399, o'Y(ESL,) = 1-197, then from (22) we get 


2y=  2y=1 


: — — 0-50 A, (23) 


i.e. Pearson’s well-known result. This means that the term containing AE =1 in (19) 

can be discarded since it is quadratic for A. In addition, in the accepted approximation 

only the first term should be left in the lefthand part of (19) so that 

. l A _ eo ial 

Me yan © _ oj «) — — [p*” G2) — xo EX,)] |, (24) 
24 

We find the values £5j). and £5_,,4 from condition (16); giving 


EN: +1177, EX+,4 = 1-665. 


sy=14 — 
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This enables us to find the values 
x OEy=a) = Ey) } 
1/2 -0-235 1 (-379 —0-677 


1/4 — 0-166 +0-038 —Q-593. 


Then, from (24) we find 
Ae ie 0:27 A + 0:23 E, | 
AE awe - 0:04 A F 0-22 E. J ¥ 
Now from equation (3) taking into account (4), (17), (23) and¥(25), w 
x — 0-50 Ao | 
1-18 — 0:23 E)co, 
~ ote A, . an} 
~ 0:09 E. | 
From formulae (14) and (27) one can find the reciprocal formulae and also compile 


a table of transitional formulae (Table 1). 
TABLE |. RELATION BETWEEN CHARACTERISTICS IN DIFFERENT SYSTEMS 


3 10°%O > xg ~x 0-17Aco = xX, 4 0-50Ac 
VXy 1-44 Oy yx 4:5Agsg 
og &» (0-67 —0-07E)o= ; (1:18 —0:23E)o 


~ (0°57 0-55E,)c ~ (1:77 


ig ~ O-11A ~ 045A, Ay ~ 0:20A 1-8Ago 


E, ~ 0-09E = 1:26Eg 


In conclusion, we would note that the special merit of the proposed characteristics 
is simplicity of calculation especially when the distribution is presented graphically 
the form of a cumulative curve or distribution density curve. The accuracy given 


y this technique is fully adequate for describing the results of research in experimental 


and biophysics where the samples are usually small so that the dispersions of 


biol gy 
TABLE 2. NUMBER OF LYMPHOCYTES (IN THOUS.) PER 1 mm* RAT BLOOD 


Experimental group 


4-90 


iw» ft OO 
a nN wa 
oN WA 


Wa ¢ 
— 


a) 





Systems of statistical characteristics not related to moments 435 


the characteristics are comparatively large (and hence there is no point in computing 
these characteristics with great accuracy). 

We treat as an example the data on the effect of conditioned stimuli previously 
combined with X-irradiation on the number of lymphocytes in the blood of rats (ma- 











2345678 F$DOUn 2H 


terial obtained by Livshits and Meizerov). Table 2 gives the results of measurements 
in the order they were obtained (two groups—control and experimental, with 5 rats 
in each). After division into classes, frequency groups are obtained and depicted in the 
histogram (a, controls, b, experimental group). 

Because the total data (in the literature) on this problem are very small, the character 
of the distribution in the general aggregate is unknown thus precluding use of the method 
of moments to detect a shift in the centre of distribution (the three sigma rule is inap- 
plicable, etc.). Therefore, the median test turns out to be most suitable (unfortunately, 
in the Russian literature, this test has to date been rarely used) and this in turn prompts 
the use of the corresponding characteristics of scatter and asymmetry (be it only for 
the reason that the moments are the averaged degrees of deviations from the arithmetical 
mean which in the given case is not considered as the centre of the distribution). 

Arranging the values in Table 2 in ascending order, gives Table 3 from which we 


have at once the values 


Control group Experimental group 
333 
7:10 
8-70 
After which from formulae (2) we find: 
xg ~7:10 


oQ ~1'8 
Ag ~—0'1 ~ +04, 


which gives quite complete material for comparing both groups. Nor can one fail to 
notice the ease with which these characteristics are computed as compared with moments. 
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TABLE 3 


Control group Experimental group 


6:10 7. . . | 2-42] 11. | 4 21. | 6-20 | 
610 18. . | 2-85 | 12. | 4 22. | 6:35 
6:25 : 3. | 305 | 13. | 5 23. | 6-45 
6:50 .| 310) 14. | 5 24. | 6°55 
75 .| 400 15. | 5 25. | 6-70 | 
4:10 | 16. | 5: 26. | 6:90 
4-25 | 17. | 5:3 27. | 7-25 
4:30 | 18. | 5: 28. | 7:30 
.| 460) 19. 5 29. 8-30 
10. | 4:75 | 20. | 5: 30. | 8-35 
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IN recent years in research on reversible photochemical conversion of chlorophyll, 
attention has been focused on reversible photoreduction [1]. The possibility of storing 
the energy of light in the products of photoreduction, their ability to combine with 
enzymatic systems involved in the transfer of an electron during photosynthesis, the 
similarity in the spectral changes of chlorophyll on photoreduction and on illumination 
of living photosynthesizing organisms [2] account for the interest of this reaction in 
investigations which are connected with study of the mechanism of chlorophyll parti- 


cipation in photosynthesis. 

Numerous investigations in recent years have established the capacity of various pig- 
ments for this reaction, elucidated the conditions of its development, made possible the 
study of the character of spectral and other changes and allowed its mechanism to be 


* Biofizika 6: No. 4, 392-402, 1961. 
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established [1, 3]. However, whereas the absorption spectra of the photoreduced forms 
have been measured for most pigments, the luminescence of these forms has received little 
study [-4, 5]. Orange fluorescence of the photoreduced form of chlorophyll at 620-640 
my is distinctly visible and has already been noted in the first attempts to carry out 
this reaction. Yevstigneyev (3, 4) carrying out photoreduction of chlorophyll with 
phenyl hydrazine in toluene solution observed, at the temperature of liquid nitrogen, 
luminescence bands of the reduced form at 525-540 and 550-570 mu. After this work 
was completed and sent to the press, we became acquainted with an article by Brody 
(6) devoted to investigation of the luminescence of intermediate products in the photo- 
reduction of chlorophyll a. Unlike our work, Brody used phenylhydrazine as reduc- 
tant and made measurements of the fluorescence excitation spectra, so enabling him 
to establish the absorption spectra of the individual fluorescent photoreduced forms 
which were similar in spectrum to those observed by Yevstigneyev and Gavrilova on 
photoreduction of chlorophyll in toluene with phenylhydrazine. The fact that the chlo- 
rophyll reaction with phenylhydrazine was observed by Brody at —193° indicates 
that the elementary act of photoreduction may occur in the chlorophyll—phenylhy- 
drazine complex, the absorption spectrum of which, however, could not be measured. 
Gachkovskii [4] obtained fluorescent spectra of photoreduced forms of chlorophyll 
and pheophytin by means of a photographic technique. For the photoreduced chloro- 
phyll he reports maxima at 620, 651 and 733 mu and for pheophytin at 643, 664 and 731 
mu. The peak near 730 mu was the most intense. 


The aim of the present work was to study the luminescence spectra of photoreduc- 
ed forms of the following pigments: chlorophyll a, chlorophyll b, chlorophylls a + 5, 
pheophytin a, pheophytins a + 6, protrochlorophyll, protopheophytin, bacteriochlo- 
rophyll, bacteriopheophytin, bacterioveridine, pheophytin and bacterioveridine and 
hae matoporphyrin. 


METHODS 


Photoreduction was carried out in Thunberg vacuum tubes containing evacuated 
pyridine solutions of the pigments (10-°M) with ascorbic acid (102M) at the focus of 
a 500 W incandescent lamp with an illumination of ~10~* erg/cm?/sec through a red 
light filter for 3-5 min. Formation of the reduced forms was checked by the appearance 
of an absorption peak characteristic of each pigment. The absorption spectra of the 
initial pigments, their photoreduced forms and the pigments after the back reaction 
were measured in Thunberg tubes in a SF-2-M spectrophotometer. 

For measurement of the luminescence spectra the samples were placed in a trans- 
parent Dewar vessel with liquid nitrogen, which eliminated any secondary photo- 
chemical effects of the exciting light and impeded the back reaction. 


Luminescence was excited through the front wall of the vessel by a region of the 
spectrum of the SVDSh-250-3 mercury lamp isolated by a combination of UFS-3 and 
ZS-3 filters. The ZS-3 filter was used to eliminate the red light transmitted by the UFS-3 
filter. The absence of scattered light in the region selected for measurement was checked 
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by recording with the pure solvent in the same conditions. The luminescence was 


measured over a wide range from 450 to 810 mu. 

The luminescence spectrum was recorded by a ISP-51 spectrometer with a PS-381 
exit collimator in which the FEU-17 photomultiplier was replaced by a FEU-22 sensi- 
tive in the red region. The high voltage for the FEU was supplied from a sepa- 
rate stabilized high voltage supply.The spectra were recorded on a type KB 1600° RR 
recording potentiometer. Corrections for spectral sensitivity of the arrangement were 
applied on the basis of the curve of spectral sensitivity obtained by photometry of 


a ribbon lamp. 

The pigments were isolated from the photosynthesizing organisms with final chro- 
matographic purification on sucrose by the techniques used in the Laboratory of 
Photobiochemistry of the Institute of Biochemistry of the U.S.S.R. Academy of Sciences. 

The pigment was removed from the chromatographic zone with ether, then the so- 
lution was evaporated under vacuum in Thunberg tubes, the necessary amount of pyri- 
dine and ascorbic acid was added and the reaction carried out. 


RESULTS OF EXPERIMENTS 


The diminution in the amount of the original form of the pigment as a result of 
photoreduction led in all media to a considerable fall in the intensity of fluorescence. 
For a number of pigments at low temperature additional bands of luminescence of the 
changed forms appeared which, in position corresponded to the absorption maxima of the 
photoreduced forms of the pigments. Regeneration of the pigment in the back reaction 
(entry of air) led to restoration of the fluorescence of the original pigment and disap- 
pearance of the luminescence of the photoreduced forms. The reversibility of the reac- 
tion, from our findings on fluorescence, was greatest for chlorophyll a (up to ~95-97 
per cent) and least for chlorophyll 6 and bacteriochlorophyll (30-40 per cent), this 
has also been observed in spectrometric measurements (7). It was difficult to measure 
the fluorescence spectra of the photoreduced forms at room temperature with our 
apparatus, owing to the low intensity of fluorescence of these forms for the investigated 
pigments while the fairly rapid back reaction led to instability of the measurements. 
Therefore, the results described below refer in the main to measurements at low tem- 
perature (—196°). 

Chlorophyll. At the temperature of liquid nitrogen (—196°) the photoreduced 
form of chlorophyll a in pyridine had an intense peak at 530 mu corresponding to the 
absorption maximum of this form at 520 mu. Moreover, it was possible to notice small 
additional maxima at 590 and very weak ones at 620 and 640 my (Fig. 1). Increase in 
the intensity of these maxima was observed when photoreduction was carried out in 
a medium of toluene with phenylhydrazine as reductant. In these conditions Yevsti- 
gneyev and Gavrilova [4] observed the formation of photoreduced forms with absorp- 
tion maxima at 518 and 585 mu. Their ratio varied with the conditions of illumination 
and with the addition of small amounts of substances affecting the acid-base equilibrium 
(ammonia, pyridine, acetic acid). A redistribution of the intensity of luminescence 
of the maxima at 590, 620 and 640 my was also observed in our experiments in the 
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case of excess of reductant (ascorbic acid), duration and methods of illumination and 
temperature. Measurement of the luminescence spectra of photoreduced chlorophyll 
a at different temperatures in the interval from —196° to +20°C gave the following 
picture: at —196° the form with a luminescence maximum at 530 mu predominated; 
at higher temperatures there was a more distinct maximum at 590 mu which was greatest 
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Fic. 1. Spectra of luminescence (1, 2, and 3) and absorption (I, II and III) of chlorophyll a in pyri- 

dine. 1, I, before the photoreduction reaction; 2, II, after illumination with red light; 2, —196°C; 

2a, —80°C; 2b, —35°C; 3, III after standing for 2 hr in presence of air. Numerals for intensity of lumi- 
nescence on right in this and other figures refer only to photoreduced forms of pigments. 


at —90—- —70°C; there was a corresponding fall in the yield of luminescence at 530 mu. 
A further rise in temperature also caused a drop in intensity of the glow at 590 mu 
(Fig. 1, curves 2a and 2b). In the interval from —20° to +20° photoreduced chloro- 
phyll a had only a very weak fluorescence maximum at 640 mu. Apparently, these 
changes were connected with different conditions of the acid-base equilibrium of the 
reduced forms of chlorophyll; at low temperatures the hydrogen bonds were more 
firmly fixed between the photoreduced pigment and molecules of the solvent-base. 

In the photoreduced form of chlorophyll 6 the main maximum at —196° was near 
529 mu and a weak additional one at 578 mu. However, the intensity of luminescence 
was considerably lower than for chlorophyll a (Fig. 2). After performing the back reac- 
tion some luminescence in the middle part of the spectrum remained and in the red 
there was a slight shift to the longwave side (up to 675 my). Shift of the maximum to 
the longwave side after the back reaction has previously been noticed in the absorp- 
tion spectrum for chlorophyll 5 [8]. 
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Fic. 2. Luminescence spectra of chlorophyll 5 in pyridine 1, after photoreduction 2 and after back 
reaction 3. 
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Fic. 3. Spectra of luminescence (1, 2 and 3) and absorption (I and II) of mixture of pheophytins a 
and 5 in pyridine. 1, I, before reaction; 2, II, after photoreduction; 3, after 2-hr standing in air. 
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The photoreduced forms of the mixture of chlorophylls a and b had a luminescence 
spectrum very close to that for photoreduced chlorophyll a (maxima at 530, 590, 
620 and 642 mu). Bearing in mind that the photoreduced chlorophyll b luminesced with 
a quite low yield and its relative amount in a + b mixture was low (30 per cent) it may 
be supposed that in the photoreduced forms of chlorophylls a and b, the fluorescence 
is entirely due to chlorophyll a. 

It should be noted that in the luminescence spectra of frozen green leaves [9] maxima 
are observed at 515-520, 555, 595 my, i.e. in the region close to the luminescence of 
the photoreduced forms of chlorophyll. Of course, it is premature to draw any conclu- 
sions on the possible formation of such forms of chlorophyll in leaves but the observed 
correspondence indicates the need for more detailed measurement of the fluorescence 
spectra of leaves. 

Protochlorophyll. The photoreduction products of protochlorophyll have an 
absorption maximum at about 470 mu [10]. However, we observed only extremely 
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Fic. 4. Changes in luminescence spectra of protochlorophyll when reduced with ascrobic acid. 1, be- 
fore reaction; 2, after illumination with red light; 3, after back reaction in presence of air. 
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weak luminescence in the middle part of the spectrum (Fig. 3). After the back reaction 
this luminescence completely vanished. It was possibly caused by the presence of 
impurities as suggested by its low yield and the lack of agreement with the absorption 
of reduced photochlorophyll. 


Pheophytin. Pheophytin a anda mixture of a + b on photoreduction gave products 
with very weak luminescence in the region 620-650 mu. (maximum at about 642 mu) which 
vanished after the back reaction (Fig. 4). In the primary photoreduced forms of pheo- 
phytins which accumulate in the case of photoreduction at —40° [11] no luminescence 
was observed. Apparently, the primary ion-radical photoreduced forms of the pigments 
are not capable of luminescence and only fixation of the electron at a definite point 
of the molecule after attachment to a proton confers on the molecule its ability to 
luminesce. 

We were not able to confirm the findings given in paper [5] on the presence of a 
maximum near 730 muy in the spectra of photoreduced chlorophylls and pheophytins. 
It may be assumed that in these experiments the scattered red light of the mercury 


lamp (line 733 mu) was transmitted by the combination of light filters used in the work. 
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5. Spectra of luminescence (1, 2 and 3) and absorption (I, II and III) of bacterioveridine in pyridine. 


4 


. inital solution of pigment; 2, II, after reaction; 3, III, after standing for 2-hr in presence of air. 


Bacterioveridine. The photoreduced form of this pigment of green bacteria has 
a peak of low intensity at 515 my which corresponds to an absorption maximum of 
about 510 mw [7]. Small additional maxima were observed at 570, 620 and 640 mu 
(Fig. 5). In the photoreduced forms of the pheophytins of this pigment, no luminescence 
was detected. 
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The back reaction led to almost complete disappearance of luminescence in the 
middle part of the spectrum although in the red there was incomplete restoration of 
the fluorescence maximum of the original bacterioveridine. A certain extension of 
the red band at 677 mu especially on the side of the shorter wavelengths indicates the 
partial conversion to pheophytins and confirms the previous data on the compara- 
tively low stability of bacterioveridine [8]. 

Bacteriochlorophyll. On photoreduction of bacteriochlorophyll with Na.S, products 
were obtained with an absorption maximum near 660 mu. However, using Na.S or 
ascorbic acid the products of photoreduction had quite intense fluorescence with 
diffused spectra in the region of 450-650 my (maximum near 505 my) which probably 
is due to the side products of the reaction. In fact, after the back reaction this lumines- 
cence did not disappear and only a shift in the maximum to 483 my occurred (Fig. 6). 


i\ 
Relative units a | 
AJ 
™ 1 
s 
| wW 
\ 


\ 





| 
| 
| 
| 
| 
| 














i a | l a | lL i i i i i i i i i L i 
440460 480 500 520 540 560 580 600 620 640 660 680 700 720 740 760 780 800 mw 
Fic. 6. Changes in luminescence spectra of bacteriochlorophyll on photoreduction with Na,S. 1, before 


reaction; 2, after illumination with red light; 3, after standing for 2 hr in presence of air. For compari- 
son the absorption spectra of the initial solution and the photoreduced form are given. 


Photoreduction products of bacteriopheophytin also had a diffuse spectrum with 
a maximum at 483 mu and the back reaction did not lead to the disappearance of this 
luminescence, although after entry of air or after storage in the dark a certain lessening 
in its intensity was observed. 

Porphyrins. As has been established [13] haematoporphyrin is capable in various 
media of giving photoreduction products with various absorption spectra. Thus, on 
photoreduction in a mixture of alcohol and 10 per cent pyridine, the products had an 
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absorption maximum at 740-750 mu, whereas in pyridine this was at 640-650 mu. 
These two maxima belong to two forms which pass into each other, depending on the 
conditions of the acid-base equilibrium. Both forms in our conditions possessed fluores- 
cence at 780-800 mu in alcohol-pyridine mixture and a weaker one at 700-720 mu 
in pyridine. Addition of 1 drop of ammonia to the alcohol-pyridine solution or a drop 
of acetic acid to the pyridine solution of the photoreduced forms of haematoporphyrin 
caused corresponding transitions in the character of luminescence from “acid” to 


“base”, and vice versa (Fig. 7). 
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Fic. 7. Luminescence spectra of photoreduced forms of haematoporphyrin. 1, on photoreduction in 
alcohol; 2, on photoreduction in pyridine; 3, after addition of 0-02 ml acetic acid to the photoreduced 


form in pyridine. Upper graph gives the absorption spectra of haemotoporphyrin in pyridine (I) and 
i! PI . . 
its photoreduced forms in alcohol (II) and pyridine (IID). 


The photoreduction products of haematoporphyrin in 2 N H,SO, had weak lumi- 
nescence with maxim at 525-560 mu, although appearance of an intense maximum at 
515 mu was observed in the absorption spectra (Fig. 8). On entry of air there was slow 
restoration of the original fluorescence of haematoporphyrin in acid and a fall in lumi- 
nescence in the middle part of the spectrum. The back reaction in this case took much 
longer than in the pyridine or alcohol media. 





Luminescence spectra of photoreduced forms of chlorophyll 
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Fic. 8. Changes in luminescence spectra on photoreduction of haematoporphyrin in 2 N H,SO, by 

ascorbic acid. 1, initial solution; 2, after illumination with white light; 3, after standing for 2 hr in 

presence of air. Upper graph gives absorption spectrum of initial (I) and photoreduced (II) haemato- 
porphyrin. 
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DISCUSSION 

The experiments described above show that luminescence is not a universal property 
of the photoreduction products of pigments. 

Thus, chlorophyll and the structurally related bacterioveridine gave photoreduction 
products with a characteristic luminescence spectrum in the region of 515-540 mu 
(at —196°). The presence in the photoreduced forms of these pigments of further 
additional maxima in the region 600-640 mu can be explained in various ways. It seems 
to us that the most likely explanation is to assume the formation of several photoreduc- 
tion products. In fact, in the literature [1, 3], there are indications that photoreduction 
proceeds in at least two stages. But it is still not clear whether these maxima belong 
to the primary photoreduced forms or forms dependent on the acid-base equilibrium. 
We were not able to detect luminescence in the primary forms of pheophytins although 
the secondary stable forms possessed luminescence in the 600-640 muy region. It is 
possible that photoreduced chlorophyll luminescence in this region belonged to 
photoreduced pheophytin. In fact, a certain amount of pheophytins are formed in the 
photoreduction reaction. This is particularly noticeable on frequent repetition of the 
reaction with the same portion of pigment or with excess of reductant and strong 
illumination. 

The photoreduced forms of protochlorophyll and bacteriochlorophyll with distinct 
characteristic absorption spectra did not show a reversible and characteristic lumines- 
cence spectrum in our conditions. It is still not possible to say with any precision 
why this is so. It is possible that in the given conditions on photoreduction, only the 
ion-radical forms of these pigments are produced (of -X— type). Finally, of the several 
known reduced forms of haematoporphyrin only one, with an absorption maximum near 
740-750 mu possessed intense luminescence. This form is obtained in alcohol- 


pyridine mixtures and corresponds to the intermediate type of the acid-base equilibrium. 


The peculiar structure of the photoreduced forms of pigments determine the life- 
time of the singlet excited states of pigments. We long ago advanced the hypothesis 
that the electron accepted, on photoreduction of porphyrin pigments, is delocalized 
in the system of conjugated double bonds. The unpaired electron in the system of con- 
jugated bonds of the pigment molecule strongly influences the properties of the electron 
sheath leading apparently, to sharp curtailement of the life of the optically excited 
states. Elimination of delocalization of the electron, which probably occurs as a result 
of drawing in a proton and formation of secondary “red” pigment forms, leads to the 
appearance of characteristic luminescence in the photoreduced forms of certain pigments. 
Apparently, in this case the ability to luminesce will be determined by the structure 


of the pigment itself. It is possible that absence of luminescence of the intermediate 


photoreduced forms may be a criterion of their ion-radical nature. In the search for 


the ion-radical forms of chlorophyll in living organisms this factor must be borne in 
mind, while conversion of these intermediate forms at room temperature leads to pro- 


longed afterglow—chemiluminescence [14]. 
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SUMMARY 


The luminescence spectra of photoreduced forms of chlorophyll, its analogues 
and derivatives have been measured. Characteristic spectra were detected for photo- 
reduced chlorophylls a and b, pheophytin, bacterioveridine and haematoporphyrin; 
in the photoreduced forms of protochlorophyll, bacteriochlorophyll and the primary 
photoreduced form of pheophytin, no characteristic fluorescence could be detected. 
It is assumed that the presence of an additional unpaired electron in the system of 
conjugated bonds of the pigment molecule leads to shortening of the life of the excited 
states. 
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IN the study of the role of DNA in biological processes it is particularly important to 
know the structure and behaviour of the molecules in aqueous solution. Existing 
physicochemical methods of investigating the macromolecules in solution, as a rule, 
do not give direct information on the spatial disposition of the various groups of atoms 
making up the molecule. Therefore, a search for new methods of investigation to 


provide such information is important. 
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From this point of view, noteworthy are electro-optical methods based on orientation 
of molecules in solutions in an electric field. By means of electrical double refraction 
the asymmetry of DNA molecules in solution has been determined [1, 2] and also parti- 
cles of the tabacco mosaic virus studied in detail [3, 4]. The results obtained are in 
agreement with the results of measurements by other methods [5]. 

In the present work it will be shown that in definite conditions, when DNA solutions 
are in an electric field it is easy to detect dichroism, i.e. anisotropic absorption or scatter 
of light. Study of dichroism would seem to open up new possibilities for the application 
of electro-optical methods in investigating the structure of macromolecules in solution. 
We consider below some findings obtained in the study of DNA solutions by this method 


METHODS 
[he apparatus for investigating the electro-optical properties of DNA includes 


a Kerr cell, an optical system, an electric pulse generator and a recording device (Fig. 1). 
































1. Block diagram of apparatus for observing electro-optical phenomena. 1, light source; 2, mono- 
r; 3, polarizer; 4, Kerr cell; 5, analyser; 6, photomultiplier; 7, amplifier; 8, oscilloscope; 
9, electric pulse generator; 10, voltmeter. For observation of electric dichroism analyser is excluded 


from circuit [5]. 


The Kerr cell (Fig. 2) was a rectangular fused quartz cuvette, from a SF-4 spectro- 
photometer, with a capacity of 3 ml and | cm in length. At the top of the cuvette platinum 
electrodes were inserted in the form of two parallel plates each 35 x9 mm and 3 mm 
apart. Round holes 5 mm in diameter were made in the plates opposite each other and 
filled with an insert of thin, fine copper mesh. The electrodes were fixed in the ebonite 
cover of the cuvette and could be inserted in the cuvette in two ways, as shown in Fig. 2. 
In the first case, the direction of the beam of light was parallel to the planes of the 
electrode (a, Fig. 2); in the second case, perpendicular to it (b, Fig. 2). In the cover 
of the cuvette a hole was made for evacuating the air on filling the cuvette. The cell 
was thermostated. 

The optical system consisted of the light source (incandescent lamp, mercury or 
hydrogen lamp), monochromator and polarizing prisms (polarizer and analyser). 


The generator produced square electric pulses, both of identical and different 
(alternating) polarity (Fig. 3, a). The amplitude of the pulses was 0-70 V, duration 10 u 
sec—10 msec, frequency 20-100 c/s and the slope of leading edge <3 usec. The amplitude 
and duration of the pulses remained stable for changes in the load current up to 100 mA 
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per puls. The need to use pulsed fields in the Kerr cell is due to tke fact that the test 
fluid (in our case DNA solution in the presence of NaCl) is conductive and the mole- 
cules of the substances under test are charged. Therefore, on application of a constant 
electrical field, heating of the solution, electrophoresis of DNA molecules and also 


electrolytic processes are unavoidable. 





Fic. 2. Kerr cell. 


The pulses were supplied through a splitting capacitor to the Kerr cell and also 


to the oscilloscope. 

The light passing through the optical system and the Kerr cell fell on to a photo- 
multiplier (FEU-18), the photocurrent was amplified and fed to the oscillograph. 
On the screen the pulses of photocurrent and the pulses of the generator going to the 























Fic. 3. Shape of electric pulses and pulses of photocurrent in relation to the direction of polarization 
of light vector. a, electric pulses; b, photocurrent pulses when light is polarized parallel to electric 
field; c, photocurrent pulses when light is polarized perpendicular to electric field. 
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cell were recorded. The method of determining the optical density of the solution on 
passage of the pulse is discussed below. 

DNA was isolated from calf thymus by the phenol method as modified by Georgiev 
[6]; the molecular weight of the preparation determined from its viscosity [7] was 
about 7 million, the molar extinction ¢(p)s¢9 = 6100. 

[he dried preparations contained 0-4—0-°8 per cent protein. The ratio N/p = 1-6. 
According to Kirby [8] the N/p and ¢(p)sgq values are an indication that the DNA is 
not denatured and of the absence (low content) of protein impurities. The maximum 
absorption of light by DNA solutions was observed at 257-260 mu. 

The experiments were carried out with DNA in NaCl solutions of different con- 
centrations (10-*~-10-* per cent) and differing ionic strength (u = 0-01-0:1). 

With visible polarized light propagated perpendicular to the electric field (Fig. 2, a) 
and positioning the polarizing prisms at an angle of 45° to the applied field and per- 
pendicular to each other (as is usually done in investigating the Kerr effect) and by 
applying an electric field with characteristic photocurrent pulses (Fig. 3, a, b) we 
obtained the expected light modulation (the gradient of the electric field was 100 V/cm). 

[he left part of the pulse curve shows the change in the photocurrent on application 

the field and corresponds to the appearance of optical anisotropy of the solution 
the result of orientation of DNA molecules. The descending branch of the curve 

‘responds to the disappearance of anisotropy in the solution after removal of the 
field as a result of the disorientating effect of Brownian movement. 

The curve, as is known, is used to determine the rotary diffusion constant and the 

of the molecule (1, 3). However, such a calculation meets with objections 
which we shall consider separately. 

We found that modulation of light, although considerably attenuated, can also be 


observed if measurements are carried out with a polarizer alone. The shape of the 


pulses is thereby retained and their amplitude does not depend on the wavelength of 


light. 

The same effect was observed by Tolstoi and Feofilov [9] with hydrophobic colloids 
who attributed it to electric dichroism, i.e. anisotropic absorption or scatter of light. 
If in our case dichroism was observed, then this apparently was anisotropy from light 
scatter, since in the visible region DNA does not absorb. The appearance of 
absorption anisotropy can be expected in work in the ultra-violet region where DNA 
intensely absorbs. This investigation was of particular interest bearing in mind the 
special features of composition and structure of DNA. 

Considering that the absorption maximum of DNA lies in the region of 260 mu, 
we investigated the optical anisotropy of DNA solution in an electric field precisely 
in this region of the spectrum. 

In the absence of an analyser, intensive modulation of light by electric pulses was 
observed. This effect on the passage of a light beam perpendicular to the electric field 
as shown in Fig. 2(a) at a uniform distance from the electrodes (width of light beam 1 
mm) appeared with a field gradient of 40-50 V/cm and reached a critical maximum at 
80-90 V/cm with a pulse duration of 0-6 msec. Therefore, we usually used a field gra- 
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dient of 90 V/cm, a pulse duration of 1 msec and a pulse frequency of 20 c/s. In these 
conditions there were no appreciable changes in the DNA preparation, in particular, 
no intensification of absorption at 260 mu. 

On polarization of the light (electric) vector parallel to the electric field, the trans- 
parency of the solution increased with a corresponding step-up in photocurrent (Fig. 
3, a). Conversely, with the light vector perpendicular to the field, the optical density 
of the solution increased and the photocurrent diminished (Fig. 3, b). However, this 
relative decrease in transparency was less than the relative increase in transparency 
in the former case. Accordingly, on applying an electric field, we observed a certain 
“translucence” of the solution during illumination of the cell with non-polarized light. 
The ratio of the amplitudes (absolute) of the modulated signals or, to be more precise, 
the ratio of the optical densities of the solutions for these two directions of light po- 
larization was maximal at 260 my (Table 1). 

In Table 1 the values of the amplitudes of the signals (/) are converted into the op- 
tical density of the solutions (<) taking into account the absorption of light in the 
polarizer and the spectral sensitivity of the FEU, etc. This conversion was made from 
calibration curves of / = f(c). On introducing the analyser it was possible in these 
conditions by rotating it to eliminate completely light modulation. 


TABLE 1. AMPLITUDE OF PHOTOCURRENT J (in mV), OPTICAL DENSITY (¢) AND DICHROIC RATIO OF (D) 

0-001 PER CENT DNA SOLUTION IN 0-01 N NaCl AT DIFFERENT WAVELENGHTS IN AN ELECTRIC FIELD IN 

RELATION TO DIRECTION OF POLARIZATION OF ELECTRIC VECTOR OF LIGHT (LIGHT FALLS AS SHOWN IN 
Fic. 2, a) 


Direction of light polarization 
Horizontal Vertical 


. In electric field ’ In electric field (light 
In absence of ; , In absence of 
citi (light polarized lige 
electric field se electric field 
parallel to field) 


polarized perpendicular 
to field) 


0:47 0-50 0-52 
0-79 0-92 “ 1-00 
0-43 0-46 J 0-48 
0-00 0-020 0-020 


It is most likely that on application of an electric field anisotropic absorption of 
light occurs. As for light scatter, its contribution to the effect is relatively small. This is 
clear from comparison of the amplitude of the modulated signals at 260 and 320 my 
(see Table 1). If we consider that the medium absorbs isotropically, then it is impossible 


to understand why light modulation appears in the absence of the analyser. Moreover, 


the light on emergence from the cell was lineally polarized which corresponds to linear 


dichroism. In view of the spectral dependence of the effect, inherent dichroism occurs. 
Another important factor is that dichroism is negative since the light polarized perpen- 
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dicular to the electric field is absorbed more strongly than the light polarized in parallel 
By determining the ratio of the optical densities of the solutions for mutually per- 
pendicular directions of light polarization the dichroic ratio (D) can be found. 

We investigated the dichroism of DNA solutions in the electric field at 260 my 
in relation to concentration, ionic strength, pH and temperature of the solution. The 
optimum concentrations at which the degree of modulation was maximum were 0-001- 
0-005 per cent. Above and below these values the amplitude of the signals decreased 
(Fig. 4). With change in the ionic strength of the NaCl solution from 0-01 to 0-1 the 








2 3 -logC4 
Fic. 4. Dichroic ratio (D) as a function of concentration (C) of DNA solution 
(as %) in 0-01 N NaCl. 


degree of modulation somewhat decreased (to avoid electrolytic processes we did not 
use solutions of higher ionic strength). In DNA solutions of identical ionic strength 
and different pH values, we observed a sharp reduction in the dichroic ratio to D = 1-07 
at pH <3 (Table 2) which corresponds apparently to denaturation changes in the DNA 
molecule. With an increase in the pH to 6-0-6:5 there was a slight increase in the dichroic 
ratio which was then maintained for a more alkaline medium (pH = 10). 


TABLE 2. AMPLITUDE OF PHOTOCURRENT PULSE (J), OPTICAL DENSITY (¢) AND 
DICHROIC RATIO (D) oF 0-001 PER CENT DNA SOLUTION IN ELECTRIC FIELD AT 
260 mu IN RELATION TO pH AND IONIC STRENGTH (2) 


Direction of polarization 


Horizontal (paral- Vertical (perpendicular to 
lel to electric field) electric field) 


I € 


0-79 
0-80 
1-20 
0-89 
0-76 
0:79 1-00 
0-80 1-00 


In studying the effect of temperature on the electro-optical properties of DNA 
solutions the solutions were first heated for 30 min at different temperatures, then 
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cooled and measurements taken at 25°. For this time period, there was an abrupt 
(irreversible) reduction in the dichroic ratio at 88° which, as in the case of pH < 3 
is apparently the result of denaturation of DNA (Fig. 5). 

This did not depend on the polarity of the pulse applied to the electrodes and re- 
fers to the central part of the cell. On displacement of the beam to one of the electrodes 
there was superimposed on the basic modulation effect another effect consisting in 
reduction in the transparency of the solution at the positive and increased transparency 
at the negative electrode. Apparently, such an effect as noticed in the case of hydro- 
phobic colloids [9] is the result of electrophoresis of DNA molecules. 








1 at 1 1 4 1 i 
30 40 SO 60 70 80 904,°C 


Fic. 5. Dichroic ratio D as function of temperature. Before determining D 10-°% 
DNA solutions in 0-01 N NaCl were kept at various temperatures for 30 min and 
then cooled. Measurements at 25°. 


When the light passed through the electrodes via apertures with an inserted mesh 
(Fig. 2, b) i.e. parallel to the electric field, then in this case light modulation was 
observed on application of the field. However, it fundamentally differed from that 
described above. For any direction of polarization of light especially in non-polar- 
ized light, there was a considerable increase in the optical density of the solution during 
passage of the pulse. This effect will be considered in detail elsewhere. Here, we would 
note that it is almost independent of the direction of the polarization of light. 

After addition of a small amount of a dried preparation of pancreatic deoxyribo- 
nuclease to the cuvette containing the DNA solution, light-modulation by electric 
pulses disappeared virtually instantaneously. 

In control experiments we did not observe the appearance of dichroism when 
investigating solutions of alanine, tyrosine or serum and egg albumins. 

Thus, the DNA molecules are orientated in an electric field of the order of 100 V/cm. 
The optical anisotropy of the solution thereby appearing and observed in the region 
of absorption (at 260 my) is absorption anisotropy. This conclusion seems to us to be 
fundamental, if only from the fact that absorption of the monochromatic light may 
characterize definite absorbing groups of the molecule. The intensity of absorption 
of polarized light by orientated systems is determined by the mutual spatial orientation 
of the electric vector of the radiation and the corresponding chromophore groups. 
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Thus, if we know how the molecules are orientated in solution, it is possible to determine 
the arrangement of the absorbing groups on the molecule relative to its dimensions. 
In the case of DNA investigated at 2 = 260 mw interpretation of the experimental 
results is facilitated by the fact that for this wavelength it is the nitrogenous bases of 
the molecule that absorb. These bases constitute flat systems having apparently (apart 
from guanine) at 260 mu one maximum direction of absorption [10]. The dichroism 
of DNA both in ultra-violet and in infra-red regions of the spectrum has already been 
discussed in the literature [11]. These investigations were carried out with threads and 
films of DNA and also (in one case) with flow orientation. However, in dilute solu- 
tions orientated in the electric field, absorption, as far as we know, has not been investi- 
gated. Study of this phenomenon is all the more important as the values of the 
dichroic ratio obtained in our experiments (D = 1-3) points to very good orien- 
tation of DNA molecules (maximum theoretical value D = 1-7). DNA solutions in 
the electric field gave negative dichroism. If it is assumed that the molecule is orientated 
with its long axis along the electric field, then it may be concluded that the nitrogenous 
bases are orientated chiefly perpendicular to the long axis of the molecule. From this 
point of view interest attaches to our preliminary data on absorption of light falling 
along the field. Then, the electric light vector will fluctuate in the plane parallel to the 
plane of location of most of the nitrogenous beses in the DNA molecule. Accordingly, 
we observed a considerable increase in absorption of light on application of an electric 
field in this case. More detailed analysis of light absorption in relation to the direction 
of its polarization relative to the direction of the field requires special consideration. 

Investigating the orientation in an electric field may be useful also in the study of 
electrical properties of the molecule. From this point of view an interesting fact is 
that the DNA molecules are orientated in fields of relatively low voltage. This capacity 
is also displayed by particles of tobacco mosaic virus. According to our findings, pro- 
teins (at least egg and serum albumin) are not orientated in such electric fields. 

It should be noted that after denaturation, the DNA molecules retain their ability 
to be orientated in a low voltage electric field. 

Apparently the molecules of nucleic acids and tobacco mosaic virus possess very 
high electric dipoles which can be investigated by electro-optical methods. 

Thus, recording of optical anisotropy in the electric field permits study of DNA 
solutions of low concentrations (0-001 per cent), when there is no interaction between 
molecules [2-6]. Using square electric pulses it is easy to observe relaxation of the 
molecules after virtually instantaneous removal of the orientating force. Finally, the 


possibility is offered for simultaneous investigation both of the structure of the mole- 


cules and their electrical properties. 
The author wishes to thank I. Ye. El’piner for interest in the work and valuable 


advice. 
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INTRODUCTION 


THERE is a great deal of information on the origin of sarcomas, leukaemia and cancer 
resulting from ionizing radiations with which, as is known, free radicals appear, and 
on the detection of free radicals in a number of carcinogenic preparations which in- 
dicates the possible réle of free radicals in the aetiology and pathogenesis of malignant 
tumours [1-4]. On the basis of these ideas and the information available on the formation 
of free-radical intermediary products in redox reactions in biological systems, Emanuel’ 
has proposed that inhibitors of free-radical processes (antioxidants) be used for chemo- 
therapy of malignant tumours. Since 1958, in the Institute of Chemical Physics of the 
U.S.S.R. Academy of Sciences under the direction of Emanuel’ and Lipchina, extensive 
research has been carried out on the effect of inhibitors of free-radical reactions on 
malignant neoplasms. The anti-tumour activity of compounds of this series has been 
established and also the loss by tumour cells of their capacity for transplantation after 
treatment with the preparations in vitro. In tumour cells, on interaction with inhibi- 


tors, the activity of redox enzymes and the processes of glycolysis are inhibited, the 
content of ribonucleic acid is reduced and protein biosynthesis is suppressed. When 


* Biofizika 6: No. 4, 410-422, 1961. 
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Rous sarcoma virus is acted upon with propyl gallate it loses carcinogenic properties. 
These effects are not the result of denaturation; on washing out the inhibitor there 
is return to the original state [4-9]. The radiomimetic effect of inhibitors of free-radi- 
cal reactions has also been established [10]. This effect was regarded as the result of the 
action of free radicals formed from the inhibitor when oxidized in the cell substrate. 
The method of electron paramagnetic resonance (e.p.r.) has been applied, along with 
other methods, to study the interaction of inhibitor and tissues and cells. This meth- 
od in recent years has come into increasing use in investigating the intermediary free- 
radicals formed in normal and pathological processes. 

In 1960 the first preliminary paper by Emanuel’ and Lipatova [11] on the investi- 
gation by the e.p.r. method of the effect of propyl gallate on mouse Ehrlich ascites 
carcinoma was published. In this work the authors, using a saturated propyl gallate 
solution and adding citrate to the original acitic fluid, detected a reduction in the e.p.r. 
signal when Ehrlich ascites carcinoma cells separated from the plasma were treated 
with propyl gallate: on the other hand, they found an increase in the e.p.r. signal on 
interaction of propyl gallate with ascites fluid containing both cells and plasma and 
also with ascites cells in a solution of egg albumin. Moreover, on interaction of propyl 
gallate, ascitic plasma and egg albumin an e.p.r. signal also appeared. In the plasma and 
egg albumin not treated with propyl gallate e.p.r. signals were not detected. The authors 
of this paper assumed that the increase in the e.p.r. signal observed by them is connected 
with sorption on the protein molecules of free-radicals formed from propyl gallate. 

In the subsequent study of the interaction of a number of inhibitors of free-radical 
reactions with tumour and normal cells we applied the e.p.r. method to make special 
investigations and also studied the e.p.r. spectra of the inhibitors used by us. The objects 
for study of the interaction of inhibitors and biological systems were mouse Ehrlich 
ascites carcinoma, chick red cells and Rous sarcoma tissues. 

The e.p.r. spectra were taken at room temperature in a EPR-2 apparatus [12]. 
The concentration of free radicals in the sample was determined by comparing the e.p.r. 
signal of the test sample with standard diphenylpicrylhydrazyl samples of known 


concentration. 


TECHNIQUE OF LYOPHILIC DRYING 

Since in this work it was necessary to treat a large amount of material with maximum 
elimination of possible artefacts and good standardization of the experiments special 
attention was paid to the process of freezing the preparations and their lyophilization. 
On freezing such complex objects as cell and tissues, in effect a system of colloid par- 
ticles in an electrolyte solution, the biological material may be damaged to the point 
of complete denaturation [13]. The main cause of the possible denaturation, as is known, 
is insufficiently rapid freezing of the whole sample. Ice crystals form in the cells and 
disturb the structure and cell membrane. Another more important cause of damage 
to the cells lies in the complex physicochemical process of variation in the concentration 


of electrolytes at the ice-liquid phase boundary. These processes are determined by the 


rate of diffusion of the electrolyte ions. 
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To avoid the influence of these denaturating factors the samples were frozen in 
rotating flasks by liquid nitrogen in the flasks. This led to the fastest possible freezing 
of the entire sample, distributed in a thin layer (less than 1 mm) over the walls of the 
vessel during rotation. A special réle was played by cooling of the preparations by direct 
contact with liquid nitrogen without the intervention of the walls of the vessel. The 
samples frozen in a thin layer were lyophilized in a device designed by us for such 
drying. High efficiency of the device was achieved by distribution of the sample with an 
optimal surface to volume ratio, promoting rapid sublimation, a quite high value of 
the temperature difference (150°) between the vessel containing the sample and the trap 
filled with liquid nitrogen and the use in the vacuum system of tubes and cocks of large 
section. A vacuum of the order of 10-* mm Hg was maintained in the system. All the 
samples were dried for 20-22 hr. After lyophilization, a weighed sample was taken 
from each (about 50 mg) and placed in a standard glass ampoule for investigation of 
the e.p.r. spectra. Air was evacuated from the samples for 60 min, then the ampoules 
were sealed in vacuo. The cell and tissue samples thus prepared had a characteristic 
whitish-pink colour, the erythrocytes their natural dark-red colour and the dried ascites 
plasma was white. On contact with air the tissues and cells acquired with the passage 
of time a bright-brown and the erythrocytes and haemoglobin a chestnut colour. Contact 
with air led to change in the e.p.r. spectra. Therefore, it was necessary to check on the 
careful sealing of the standard ampoules in experiments to determine the e.p.r. spectra, 
since on mass production of such ampoules microcapillaries may be left at the bottom 
of the ampoule, which may be the cause of errors in interpretating the experimental 
results. Naturally, this effect will be more strongly pronounced in those cases in which 
€.p.r. spectra are taken a considerable time after preparation of the sample. Reference 
to this factor is made in paper [14]. 


1. E.p.r. spectra of inhibitors of free-radical reactions 

We investigated the following preparations—propyl gallate, ethyl gallate, rutin 
and other compounds known to be inhibitors of free-radicals; in addition, p-benzo- 
hydroquinone, benzoquinhydrone (only in the crystalline form) and a mixture of propyl 
gallate and p-benzohydroquinone in alkaline solutions. All the preparations were 
studied in the solid crystalline state and then in solutions of ethanol and methanol with 
different pH values. In special experiments the interaction of alkaline solutions of some 
preparations with barium hydroxide (Ba(OH),) was investigated. 

In none of the anti-oxidant preparations investigated by us in the initial crystalline 
state were e.p.r. signals detected. Only the crystalline quinhydrone gave an e.p.r. signal 
in the form of a singlet at a concentration of the order of 10'° unpaired electrons per 
gram. 

In the work of Adams and Blois [15] and also in our preliminary experiments it 
was shown that in alkaline solutions in the presence of oxygen propyl gallate forms an 
organic free ion-radical of semiquinone. Fig. 1(2) shows the spectrum of the free-radical 
formed from propyl gallate in alkaline solutions of methanol and ethanol (pH 8). The 
initial propyl gallate solution without alkali at pH 5-5 did not give ane.p.r. signal. The 
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spectrum consisted of a triplet, each component of which in turn is split into triplets. 
The constant of hyperfine splitting between the main components is 1-13 oersted and 
the constant of the secondary triplet of splitting is 0-37 oersteds; g—the factor for the 
centre of the signal corresponds to 2-005. According to the chemical structure of propyl 
gallate, the basic triplet is due to the interaction of an unpaired electron with two 
protons of the aromatic ring and the additional sub-splitting by the interaction of an 


unpaired electron with the proximal hydrogens of the propyl group. 
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Fic. 1. 1, spectrum of ethyl gallate radical; 2, spectrum of propyl gallate radical; 3, spectrum of rutin 
radical; 4, spectrum of p-benzohydroquinone radical; 5, spectrum of mixture of propyl gallate and 


























p-benzohydroquinone radicals. 


Fig. 1(1) gives the spectrum of ethyl gallate. The hyperfine splitting of the spectrum 
is similar to the spectrum of propyl gallate but secondary splitting is less distinctly 


marked. 

Fig. 1(3) gives the spectrum of rutin. 

Fig. 1(4) shows the spectrum of the semiquinone radical of p-benzohydroquinone 
studied in many works [1l, 15-20]. The constant of hyperfine splitting is la = 2:37 
oersteds. 

Fig. 1(5) gives the spectrum of a 1:1 mixture of propyl gallate and p-benzohydroqui- 
none in alkaline solutions (pH 9). It is clear that the spectrum results from superimposing 
two spectra, that of propyl gallate and of p-benzohydroquinone. Thus, in solution there 
may exist simultaneously two semiquinone free ion-radicals, the recombinations of 





Investigation by EPR method of interaction between tumour and normal cells 459 


which is impeded by electrostatic forces of repulsion since each ion-radical carries 
a negative charge. Systems consisting of several semiquinone radicals require additional 


investigation. 

It follows from the above information that the inhibitors of free-radical reactions 
in the alkaline solutions investigated by us in the presence of oxygen form organic 
free ion-radicals with characteristic hyperfine structure. In our task of detecting free 
radicals in inhibitors and defining the conditions in which appear there was no need 
for us to make a detailed comparative analysis of the hyperfine structure of the e.p.r. 
spectra and its connexion with the structure of the test preparations. Such an investi- 
gation requires special experiments including use of deuterium compounds. We studied 
the change of the e.p.r. spectra of semiquinone ion-radicals formed from propyl gallate 
ethyl gallate, p-benzohydroquinone and also a mixture of propyl gallate and p-benzo- 
hydroquinone when sorbed on Ba(OH)),. 

In Fig. 2(1) and 2(2) are shown the spectra of the free radical of propyl gallate 
sorbed on Ba(OH),: 2(1) at the start of adsorption from solution, the hyperfine split- 
ting is slightly blurred; 2(2) the dried residue of Ba(OH), with the sorbed radicals. 

Fig. 2(3) and (4) show successively the change in the e.p.r. spectrum of the radical 
obtained from p-benzohydroquinone: 2(3) at the start of sorption from solution: 
2(4) the dried residue of Ba(OH), with sorbed radicals. 
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Fic. 2. Change in spectra of free semiquinone ion-radicals when sorbed on Ba(OH),. 1, start of sorption 
of propyl gallate radicals; 2, dried residue of Ba(OH), with sorbed propyl gallate radicals; 3, start of 
sorption of p-benzoquinone radicals; 4, dried residue of Ba(OH), with sorbed p-benzohydroquinone 
radicals; 5, dried residue of Ba(OH), with sorbed ethyl gallate radical; 6, dried Ba(OH), residue with 
sorbed radicals of mixture of propyl gallate and p-benzohydroquinone. 
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As the figures show, on sorption on Ba(OH), there is a fundamental change in the 
form of the e.p.r. spectrum of the semiquinone radicals; the hyperfine structure is 
blurred and completely disappears. The spectrum of the sorbed semiquinone radical 
of p-benzohydroquinone is a narrow symmetrical singlet with a half width of about 
3 oersteds and the spectrum of the adsorbed semiquinone radical of propyl gallate an 
asymmetrical singlet with half width of 4-8 oersteds. As we shall show below, these 
spectra are virtually indistinguishable from the e.p.r. spectra observed in the lyophilized 
preparation of the most varied biological specimens. Detailed quantitative investigations 
of sorption of semiquinone radicals on various bases and from various solvents require 


special experiments. 


2. E.p.r. spectra of Ehrlich ascites carcinoma 

The ascitic fluid was taken from mice of the BaLB strain on the seventh day after 
inoculation. Examination was made both of the original ascitic fluid and its component 
parts separately—ascites cells and the ascitic plasma separated by centrifugation at 
3000 r.p.m. for 10 min. The decanted plasma and the cells, washed free of the plasma 
residues by 3 changes of cold saline with subsequent centrifugation, were used in the 


following experiments. Thus, in these experiments three fractions were prepared before- 
hand: ascites fluid, ascitic cells and plasma. Subsequently, propyl gallate was added 
at known concentrations: 0-375, 0-25 and 0-15 per cent solutions to the ascitic fluid 
and plasma and weaker solutions (0-075, 0-0375, 0-025 per cent) to the cells. The ascites 
cells were also treated with 0-3 per cent solutions of ethyl gallate, p-benzohydroquinone, 
vitamin C and saturated rutin solution. The substances were dissolved in saline. The 
control material was diluted with corresponding volumes of saline. In individual ex- 
periments instead of saline use was made of phosphate buffer (pH 6.98) which did not 
affect the results of the experiment. Control (without the substance) and experimental 
(with the substance) samples were incubated at room temperature in air and in an atmos- 
phere of argon for 60 min. After incubation the samples were frozen and lyophilized. 
In some specially designed experiments the cells were separated from the incubation 
medium and washed 3-5 times in saline. The supernatant fluids and incubation medium 
obtained on washing were also lyophilized. In addition, experiments were run with 
ascites cells denaturated by heating at a temperature of 99° for 45 min. 

In the samples of ascites fluid and ascitic cells e.p.r. signals were detected which in 
the shape and concentration of the unpaired electrons per gram dry weight were iden- 
tical with the e.p.r. signals of normal tissues lyophilized in the active state. The con- 
centration of free radicals slightly varied from experiment to experiment, this was 
probably connected with the variable activity of the original ascites and also possibly 
with the different times the material stayed in air during the experiment. The e.p.r. 
signals detected in the ascitic plasma coincided in form with signals of the ascitic fluid 
and cells but were considerably smaller. Fig. 3 shows the e.p.r. spectra of the ascitic 
fluid, ascites cells and plasma not treated and treated with propyl gallate and Fig. 4 
the value of the concentration of free radicals. 

In all the experiments in which propyl gallate or other substances were added to 
the ascites fluid, ascitic cells and plasma, there was distinct increase in the concentration 
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of free radicals. The least effect was seen on interaction of the substance with cells and 
the greatest with ascitic plasma. The effect of the increase in concentration of free radicals 
was observed both in “aerobic” and “anaerobic” conditions, the increase in the latter 
being lower. The form and width of the signals in the samples treated with the substances 


did not differ from those of the signals of the samples of the original tissues. The content 
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Fic. 3. E.p.r. spectra. 1, ascitic fluid (control); 2, ascitic fluid treated with 0-375 per cent propyl gallate 
solution; 3, ascites cells (control); 4, ascites cells treated with 0-375 per cent solution of propyl gallate; 
5, ascitic plasma (control); 6, ascitic plasma treated with 0-375 per cent solution of propyl gallate. 


of free radicals increased for all the concentrations of propyl gallate used except for 
0-0375 and 0-0250 per cent. Figure 5 gives the values of the concentrations of free 
radicals in ascites cells treated with ethyl gallate, rutin, p-benzohydroquinone and 
vitamin C. 

Precisely the same results were obtained with a number of other inhibitors of free- 
radical reactions: alkaline solutions of these preparations inthe presence of oxygen gave 
e.p.r. spectra with a complex hyperfine structure but on interaction with Ba(OH), and 
with ascites cells the hyperfine e.p.r. structure vanished and the e.p.r. signal was trans- 
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formed into the usual asymmetrical singlet characteristic of lyophilized biological 
systems frozen in the active state. 

It should be emphasized that in denaturated cells after interaction with propyl 
gallate free radicals appeared although in denaturated cells themselves e.p.r. signals 
were virtually not detected. ~ 
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Fic. 4. Concentration of free radicals. 1, in ascitic fluid (control); 2, in ascitic fluid treated with 0-375 
per cent propyl gallate solution; 3, in ascites cells (control); 4, in ascites cells treated with 0-375 per 
cent propyl gallate solution; 5, in ascitic plasma (control); 6, ascitic plasma treated with 0-375 per cent 


propyl gallate solution. 
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Fic. 5. Concentration of free radicals. 1, in ascites cells (control); 2, in ascites cells treated with 0-3 
per cent ethyl gallate solution; 3, in ascites cells treated with saturated rutin solution; 4, in ascites cells 
treated with 0-3 per cent p-benzohydroquinone; 5, in ascites cells treated with 3 per cent vitamin C 


solution. 


The change in concentration of free radicals in the ascites cells on interaction with 
the inhibitors was reversible; on washing off the inhibitor the e.p.r. signal of the cells 
fell to the original level. The phenomenon of reversibility is fully in accord with the 


findings of Emanuel’ and his co-workers [6, 7, 9]. 
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E.p.r. spectra were also recorded from the incubation medium and supernatant 
fluids obtained after washing the cells. Fig. 6 shows the results of these experiments. 
It is clear that after washing out the inhibitor the e.p.r. signal from the cells returned 
to the original state whilst in the incubation medium and supernatant fluids the concen- 
tration of free radicals increased. It is interesting that the total number of free radicals 
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Fic. 6. Content of free radicals in ascites cells washed free of inhibitors with saline and in supernatant 

fluids. 1, ascites cells (control): 2, ascites cells treated with 0-375 per cent propyl gallate solution; 3, as- 

cites cells treated with 0-375 per cent propyl gallate solution, incubation medium decanted; 4, ascites 

cells treated with 0-375 per cent propyl gallate solution and washed once with saline; 5, ascites cells 

treated with 0-375 per cent propyl gallate solution and then washed 5 times with saline; 6, incubation 

medium; 7, supernatant fluid obtained on single washing of ascites cells treated with propyl gallate; 
8, supernatant fluid obtained on 2-fold washing of ascites cells treated with propyl gallate. 


formed in the supernatant fluids and incubation medium considerably exceeded the 
initial concentration of free radicals in the ascites cells treated with propyl gallate. 
This difference was greater in experiments in the presence of oxygen. It should be noted 
that on washing ascites cells not treated with the substance the concentration of free 
radicals showed virtually no change. 


3. E.p.r. spectra of chick erythrocytes 


The blood obtained from the wing vein was centrifuged at 3000 r.p.m. for 10 min. 


The precipitate was first washed and then covered with saline. The cell suspension was 
divided into two. To one part was added 0-375 per cent propyl gallate (experiment), 
to the other a corresponding volume of saline (control). After incubation for | hr at 


room temperature the material was lyophilized. 

Fig. 7(A) indicates how propyl gallate (0-375 per cent) affected the chick erythrocytes 
and shows that the number of free radicals sharply increased on treatment with the 
inhibitor. The increased concentration was dependent on the time of application of 
the inhibitor. On washing the red cells treated with propyl gallate and saline the number 
of free radicals returned to the initial state. 
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(A) Reversible effect of propyl gallate on chick red cells. 1, number of free radicals in red cells 


1): 1umber of free radicals in red cells treated with 0-375 per cent propyl gallate solution, 


period 45 min; 3, number of free radicals in red cells treated with 0-375 per cent propyl 
incubation period 60 min; 4, number of free radicals in red cells treated with propyl 
and then washed once with saline: 5, number of free radicals in red cells treated with 
pyl gallate and then washed 5 times with saline. (B) Effect of propyl gallate on Rous sarcoma 
tissue. 1, number of free radicals in Rous sarcoma tissue (controls); 2, number of free radicals in 


Rous sarcoma tissue treated with 0°75 per cent propyl gallate solution: 3, number of free radicals 
Rous sarcoma tissue treated with propyl gallate and then washed once with saline; 4, number of 
radicals in Rous sarcoma tissue treated with propyl gallate and then washed 5 times with saline. 


spectra of Rous sarcoma tissue 

Tumour tissue was taken from a 60-day old chick on the 13th day after inoculation, 
cut into pieces with scissors and washed 3 times with cold saline. The material obtained 
was divided into two. The part serving as control was covered with saline (1:5). To the 
other part (experimental) 0-75 per cent solution of propyl gallate (1:5) was added. 
The control and experimental material was incubated in air at room temperature. 
Fig. 7(B) gives the e.p.r. spectra. On treating Rous sarcoma tissue with propyl gallate 
ly increased but its effect was reversible. 


the concentration of free radicals considerab 
When the tissue was washed free of inhibitor the concentration of free radicals returned 


to the original level, which is in line with the results in paper [6]. 


DISCUSSION 
Our investigations have established that these inhibitors of free radical reactions 
in alkaline solution and in presence of oxygen pass into a semiquinone ion-radical with 
a hyperfine structure characteristic of each radical. The formation of semiquinones is 
accompanied by the appearance of a yellow, yellow-green or green colouring of the 
solutions, which on prolonged contact with air turn dark brown or black. The intensity 


of the e.p.r. signals was maximal in the brightly coloured solutions and they vanished 
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with the appearance of brown or black. This is in good agreement with the work of 
Michaelis and other workers [21, 22] and obviously is connected with further oxidation 
of the semiquinone radicals to quinones. 

Inhibitor treatment of ascites cells, plasma proteins, chick red cells and Rous 
sarcoma tissue produced increased concentration of free radicals giving signals hardly 
distinguishable from those of native biological specimens frozen in the state of active 
development of enzymatic processes and from the signal of semiquinone radicals sorbed 
on Ba(OH),. 

The disappearance of the hyperfine structure in the e.p.r. spectra of semiquinone 
ion-radicals when sorbed on biological substrates or Ba(OH), is due to different causes 
which alter the conditions of the exchange interaction of the unpaired electrons. Two 
cases can be considered in this respect: interaction of semiquinone radicals with each 
other when they form a single crystal lattice as happens for the neutral free radical of 
diphenylpicrylhydrazyl on passing from solution to a crystalline state. This case is impro- 
bable in view of the fact that the semiquinone radicals have the same charge. Another 
possible cause of change in the width and shape of the e.p.r. spectrum is a special type 
of exchange interaction (delocalization) of unpaired electrons of free radicals with 
the base layer when they are adsorbed. 

In this connexion it is relevant to note the work of Commoner and co-workers 
[23-26] in which it was shown that in the absence of protein the flavin-mononucleotide 
(FMN) co-enzyme group is reduced in stages by various substrates, and also by the 
action of illumination, to a semiquinone ion-radical with a hyperfine structure typical 
of this compound and a total signal width of about 30 oersteds. However, in investi- 
gating the complete enzymatic system in which the co-enzyme group formed a single 
complex with protein, a considerably narrower e.p.r. signal was observed without 
a hyperfine structure. This signal only appeared on formation of the substrate-enzyme 
complex in which the enzyme was a complex of the prosthetic groups with protein. 
The same changes in the e.p.r. signal occurred when the complete enzymatic system in 
the absence of substrate was exposed to light. We particularly emphasize the rdéle of 
protein in the change in the e.p.r. signal; Commoner and associates did not pay special 
attention to this factor. 

Our experiments also revealed the complex character of the interactions of the 
semiquinones with cells and the ascitic plasma containing protein. Interaction of these 
substances with biological systems caused a considerable increase in the concentration 
of unpaired electrons. 

A suspension of ascites cells in saline has a weak acid reaction (pH 6:2) at which 


the e.p.r. signals are not recorded in inhibitor solutions. Therefore, it may be consider- 
ed that in the presence of proteins the hydrcquinone = semiquinone equilibrium 
shifts to the right. However, instead of subsequent quinone formation, the semiquinone 
ion-radicals at the protein surface are stabilized. Michaelis as long ago as 1937 [27] 
pointed to the possibility of a shift in the equilibrium of the system of semiquinone 
radicals similar to that on making the medium alkaline. He assumed that in the complex 
physiological conditions of a cell system stabilization (sorption) of semi-quinones may 
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be observed on its inner surfaces—proteins and enzymes—but in the form of diamag- 
netic dimere products: 
hydroquinone (hq) = semiquinone (sq) = quinone (q) 
hqg=sq=q 
i 
complex of sq-+-protein 

While agreeing on the whole with Michaelis’ scheme, we consider that the semiquinones 
are sorbed by protein in the form of free ion-radicals and not only in the form of dia- 
magnetic dimeres. 

It should be noted that the protein having a large surface may in our conditions 
take up a large number of semiquinone free ion-radicals and this will essentially depend 
on the amphoteric properties of the protein, the concentration of the substance and 
oxygen. In such reactions a saturation effect, depending on the pH of the medium should 
be observed. On accumulation in large number of negatively-charged free radicals of 
the semiquinone type, the protein particle will acquire a net negative charge, which 
will ultimately stop sorption of semiquinones. It is clear that making the medium 
alkaline within definite limits will promote semiquinone formation. It may be supposed 
that the considerable increase in the e.p.r. signals in the red cells treated with propyl 
gallate was connected with the alkaline reaction of the protein of these cells (pH 7-2). 

[he increase in the intensity of the e.p.r. signal with time, the appearance of a signal 
on treating the denaturated cells with the substances and also the experiments in which 
the tissues were washed free of the substance lend support to the sorption mechanism. 

In this respect the radiomimetic effect of inhibitors established in paper [10] and 
attributed by the authors to the action of free radicals formed from the inhibitors may 
be associated with the accumulation in protein biopolymers of an increased concen- 
tration of charged particles of a free radical character, which condition approximates 
closely to the action of ionizing radiation. According to Platzman [28] the essence of 
radiation damage can only be understood by taking into account the interaction of 
charged particles and biopolymers with high dielectric parameters. It cannot be ruled 
out that the radiomimetic effect and the “oxygen effect” known in radio-biology may 
be connected with a fundamental réle of oxygen in the formation of semiquinones. 

Papers on the e.p.r. method of investigating the lyophilized tissues of plant and 
animal origin both native and also denaturated and pathological, including tumour 
tissues, have been published by a number of authors [26, 29-38]. The main conclusion 
drawn from all this work is that any biological specimen frozen during vital activity 
and then lyophilized contains unpaired electrons in a concentration of the order of 
10-*-10-* mole sper gram dry weight and the e.p.r. signal itself is a narrow asymmetri- 


cal singlet with a g-factor close to 2 and a half-width of not more than 7-12 oersteds 
the degree of asymmetry varying slightly for different tissues. Analysis of the shape 
and width of these signals led Blyumenfel’d [29] to conclude that this signal was due 
to a substrate-enzyme complex in which the unpaired electrons belong to the complex 
as a whole and are rondomized along it. Ina number of later experiments on irradiat- 
ed native and denaturated biological specimens, Blyumenfel’d and co-workers found 
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support for this hypothesis of a high degree of nonlocalization of electrons in such 
systems [20, 39-42]. Similar conclusions have recently been reached by Gordy [43, 44]. 


Comparison of all the experimental data presented here and other known work 
in this field suggests the following conclusion. The e.p.r. signals observed in various 
biological specimens appearing in the course of enzymatic reactions are due to a com- 
plex formed between organic free radicals of varied structure and proteins. Individual 
e.p.r. spectra of the various free radicals cease to appear in these conditions; the unpaired 
electrons are delocalized at the moment of complexing. That the e.p.r. signals due to 
interaction of organic free radicals and proteins must be distinguished from the signals 
originating from iron (g = 4-3) and copper-containing (2:05) enzymes has recently been 
shown in the work of Beinert and Sands [45, 46]. The dynamics of the e.p.r. signals 
deriving from various conjugated enzymes requires special discussion. 

The effect of oxygen on the intensity of the e.p.r. spectra of samples prepared in 
various conditions of aeration is complicated. We have noticed such an influence in bi- 
ological specimens treated and not treated with inhibitors. Moreover, we, like many 
other workers, have also noticed an oxygen effect in the lyophilized samples on storage. 
On exposure of the samples to air the e.p.r. signal at first slightly rises and then during 
1-2 days considerably diminishes or even vanishes. In describing the technique of lyo- 
philic drying we have already stated that the samples changed colour on contact with air. 


From the existing ideas on the chemistry of quinones it may be assumed that these col- 
our changes are related to formation of fully oxidized quinones with an even number of 
electrons incapable of eliciting the absorption e.p.r. On the other hand, at certain stages 
of the interaction of oxygen and biological specimens, the concentration of semiquinones 
may increase through passage of hydroquinones into the semiquinone forms. Possibly 
this is the explanation of the effect, detected by Gordy and Miagawa [47], of oxygen 
on increasing the intensity of the e.p.r. spectra of biological specimens. Gordy holds that 
the e.p.r. spectra of biological specimens are in general connected only with sorption 
of oxygen. However, Gordy’s experiments were not reproduced in work designed for 
this purpose [48]. 

It is clear from all that has been said that the absolute value of the concentration 
of free radicals of a semiquinone type on investigation of e.p.r. spectra of biological 
specimens depends on many complex factors. Therefore, such opposed effects as 
increase in the e.p.r. signal and its reduction may derive from the same cause (in pres- 
ence of oxygen, reaction hq — sq—increase in signal; reaction sq—q—reduction in 
e.p.r. signal). It must be supposed that also with a fall in the intensity of the e.p.r. signal 
in tissues treated with inhibitors, there occurs not only recombination of the free 
radicals but also oxidation of the semiquinone to quinones or conversely, reduction of 
semiquinones to hydroquinones. 


SUMMARY 


1. Semiquinone ion-radicals originating from the inhibitors of free radical reactions 


on interaction with normal and tumour cells are sorbed on the surface of biopolymers 
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which is the same as saying that the reaction hqg—sq—q shifts to the right on alkaliza- 
tion of the medium. 

2. The e.p.r. signals with g-factor = 2 observed in various biological specimens 
at the moment of initiating enzymatic processes are due to an organic free radical— 
protein complex. The similarity in the e.p.r. signals allows us to state that the width 


and shape of the e.p.r. spectra are determined not be the peculiarities of the free radicals 


but by the nature of the free radical-protein complex. The disappearance of the hyperfine 
structure of the sorbed radicals is due to the anisotropic widening of the components 
of the signal which is averaged on dissolution. 


~ 


3. The influence of oxygen on the hqg=sq=—q equilibrium which fundamentally 
the change in the e.p.r. spectra has been noted. 
In conclusion, we wish to express our thanks to Corresponding Member of the 
U.S.S.R. Academy of Sciences, N. M. Emanuel’ for interest in the work. 
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ISOTOPE-KINETIC ANALYSIS OF THE POSSIBILITY OF 
SUCCESSIVE BIOSYNTHESIS OF CHLOROPHYLLS 
A AND B* 


A. A. SHLYK and L. I. FRADKIN 
Laboratory of Biophysics and Isotopes, Academy of Sciences of the Byelorussian S.S.R. 
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Stupy of the biosynthesis of chlorophylls a and b by the labelled atom method has 


provided new information on the sucessive formation of chlorophyll 5 via chlorophyll 


a [1, 2]. In particular, it has been shown that after brief administration of the isotope, 
the maximum specific activity (s.a.) of the carbon of chlorophyll a is reached sooner 
and is greater than the maximum s.a. for chlorophyll b [3, 4]. This also corresponds 
to the scheme of biosynthesis of chlorophyll b via chlorophyll a. However, whenever 
a maximum s.a. of chlorophyll b was observed, it was below the curve of the s.a. for 
chlorophyll a (Fig. 1). This called for more detailed theoretical analysis of the condi- 
tions in which a successive scheme can be assumed. The results of this analysis by the 
isotope-kinetic method [5] form the subject of the present paper. 
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Fic. 1. Change in specific activities (s.a., counts/min per ug of carbon) of the carbon of chlorophyll 

a(A) and chlorophyll 4(B) after brief administration of }*CO, to Ceratophylum dermersum. Concentra- 

tion of pigments in tissue rose (1) or fell (2-5). Data refer to whole shoots (1, 2) or to parts of shoot: 
upper (3), middle (4) and lower (5). Taken from results in work (3, 4). 


* Biofizika 6: No. 4, 424-435, 1961. 
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GENERAL EQUATION OF RENEWAL 


In the most general form, the equation for the kinetics of change of s.a. of a sub- 
stance involved in metabolism is derived in the following manner. If the substance 
M can form from n substances and be transformed into / substances, the changes in 
concentration of all its molecules (m) and those only containing isotope (m*) in time 
t are determined by the equations: 


(la) 


(1b) 


Any substances of group n can also be brought into group / and vice versa. Here, 
f and j are the numbers of the precursors and the products, V;,, and V,; are therates of 
formation of the suvstance M from precursor J and its further conversion into substance 
J, N; is the s.a. of the molecules of substance M derived from the precursor J; and 
X; is the s.a. of the molecules of substance M converted into J;. We shall also denote 
the s.a. of the entire stock of substance M by M. Differentiating m* = mM and sub- 
stituting from equation (la) and (1b) gives: 
— ba “im N; — M)+ — p ‘mj(M — X;). (2) 
Equation (2) is derived from the most general considerations without any assumptions 
and hence can be termed the general equation of renewal. As further conditions are 
accepted it becomes simplified to the one usually adopted. Thus, given the condition 
of equiprobability of the conversion of any of the molecules M, when X¥ = M, we get: 


dM 


dt m J 


(3) 


Outwardly the same equation has been derived before [6] but the value N; was in- 
terpreted by Reiner as the s.a. of the precursor, although this is true only if additional 
requirements are observed. Thus, if the conversions of any of the molecules of a given 
precursor with s.a. =J; are equally probable, equation (3) assumes the form: 

n 


| 12. 
dM/dt S' Vin(a;l; — M), (4) 


m j= 


where «; is the coefficient of proportionality between N; and /;. It is clear that « = 1 
in isomeric reactions when neither the composition of the molecules nor the ratio of 
the weight of the entire material to the weight of the atoms in the labelled position 
changes. If between substances A and B there are interrelations of the precursor type 
but the AB with the possible (and usually occurring) inclusion in the reaction of 
other substances (association, dissociation), then in general « # 1. However, even in 
such cases « = 1 may be maintained, if all the calculations are made in relation not 
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to the molecules as a whole but to the atoms occupying the labelled position or to 
groups of atoms transferable with them. In other circumstances « is determined from 
the chemical equations of the reaction faking stoichiometric coefficients into account. 
Consequently, replacement of equation (3) by the expression given by Reiner as the 


] n 
dM/dt S Vim; M), (5) 
mM j=] 


most general [6] is possible only given special calculation of the s.a. and equal probability 
of the reaction of any molecule not only for substance M, but also for each of its pre- 
cursors. This removes the difficulties arising actording to Reiner [6] in distinguishing 
the order of the reaction from the first order. If for any reactions we apply equation 

the corresponding groups, then for all homogenous precursors J; = N;. In the 
presence of several paths of formation of the same group, its s.a. in all the molecules 


formed (XV;,,N;/XV;,,) takes on the significance of a weighted mean of the s.a. of the 
precursors. 
QUALITATIVE ANALYSIS OF THE CURVES OF SPECIFIC ACTIVITY 
OF PRECURSOR AND PRODUCT 
In relation to the conversion of chlorophyll a into chlorophyll bthe previous remarks 
show the desirability of being guided by the concept of the s.a. of the same carbon 


skeleton in both pigments. Equation (3) passes into equation (5) and then to expression 


y 
dB/dt ; / B), (6) 


the form of which was suggested by Zilversmit [7]. In experiments with brief adminis- 
tration to the organism of the isotope, its concentration in each substance rises to 
a certain value and then falls to zero. Since in equation (6) 


V £0 and db #0, then dB/dt = 0 for A B 


i.e. the peak of the specific activity curve of the product is at its intersection with the 
curve for the precursor and since B cannot reach A, while A increases, this point of 
intersection lies on the descending part of the precursor curve [7]. 

Thus, the maximum s.a. found by us for chlorophyll 5 below the specific acitivity 
curve for chlorophyll a suggests that the scheme > A ~ B — cannot be applied to 
the interrelations of both pigments. This, however, does not imply rejection of the 
possibility of their consecutive formation and the subsequent discussion will be concern- 
ed with the problem of establishing the actual complications of this scheme which 
may bring it into line with the experimental facts. A summary of the more complex 
schemes tested by us with the corresponding types of relations between the curves 
is presented in Fig. 2. Since equation (5) contains only terms connected with reactions 
of synthesis of B, transition to the schemes >A = B, > A= B-,=A=B,=A=B, 
etc. does not affect the relation of the maximum for B and the point of intersection of 


B and A [8]. 
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Fic. 2. Effect of complications of scheme of consecutive biosynthesis of two substances and the relation 
between their specific activity curves. (Continuous lines indicate s.a. of substances A and B, broken 
lines s.a. of their different forms, dotted lines, variant of change in s.a. for one of the components) 


(a) scheme; (b) relation of the curves of specific activities. 


The formal explanation of the relation of the s.a. curves for the chlorophylls may 
be found on the basis of scheme II. Analysis of this scheme is made in the following 


manner [9]. Expression (5) as applied to scheme II gives 


V, 
dB/dt —(A B) 
b 


At the maximum B, dB/dt = 0, consequently, 


(7) 


In accordance with the above remarks XY equals B later than the maximum of B. 
This means at the maximum for B, X¥ — B < 0 and from (7) A— B>0,ie. A>B 
and the intersection of the s.a. curves is still not complete. Thus, owing to dilution of 
B with the material of its product Y, which was less labelled at the start of the experi- 
ment, the maximum B moves below curve A. It is obvious that for a substantial 
movement the difference in the s.a. of B and X must be appreciable, which is possible 
only with the presence in the system of quantities of X commensurate with chlorophyll. 
It is difficult to believe that such a substance if it exists has so far not been discovered 


and consequently scheme II in our case is unreal. 
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Expression (5) applied to scheme III, Fig. 2 gives: 


V, 


V. 
dX/dt (A — X); dB/dt = (X — B). 


x 
As in scheme I, the maximum s.a. of the product is reached in the descending portions 
of the s.a. curve of the precursor. Consequently, at maximum B X > A, i.e. B> A 
and intersection of the curves A and B is obtained before attainment of the maximum 
for B. 
It is obvious that maximum B in scheme IV, Fig. 2 lies at the intersection with curve 
X. For scheme II, it was shown that reverse entry of the material of the product into 
the substance shifts its maximum below the s.a. curve for the precursor. Therefore, 
the relation between curves A and B in this scheme warrants examination. 


Expression (5) for scheme IV is: 


dX/dt =-2(4—x) + 2@B_—». 
x x 

When B is maximum, B = X and consequently dX/dt = V,/x(A — X). But at that 
moment dX/dt < 0 as the maximum for B is reached in the descending branch of X. 
Consequently, A — X¥ < 0 and A < X for B= YX. Thus, with B maximum A < B 
and the intersection of curves A and B is observed before maximum B is reached, 
which conflicts with experimental findings. 

It may thus supposedly be concluded that relation of the s.a. curves found experi- 
mentally rules out consecutive biosynthesis of chlorophylls aand b. However, this is 
true only so long as each pigment be regarded as homogenous. In recent years, support 
has been gained for the view of the simultaneous existence within the plant of different 
forms of chlorophyll [10]. For chlorophyll a as many as three such forms have been 
discovered [11]. There are indications of the presence of two forms of chlorophyll 
5 [12]. Our findings on the kinetics of extraction of chlorophyll by non-polar solvents 
also suggest various pigment forms [13]. In a study of the kinetics of renewal of chloro- 
phyll we already had to assume the existence of selection among the pigment molecules 
during their destruction [14]. Selective decay in the dark has been noted by Turchin [15]. 


It is realistic to assume that the physicochemical differences in the forms of chloro- 


phyll may produce conditions also for metabolic heterogeneity in which one of the 
forms is synthesized before another and their mutual interchange is quite difficult 
and its rate less than that of synthesis. We shall analyse this possibility along the fol- 


lowing lines. 

In scheme V substance A is in the forms A’ and A”, differing in their metabolism. 
The relation of the s.a. curves for A’, A’’ and B is identical with that for the components 
in scheme III. Isolating substance A we determine the averaged s.a. for the forms A’ 
and A” the curve of which lies between curves A’ and A”’ and passes through the point of 
their intersection. As scheme III shows, at the moment of maximum B, B = A”’ and B > 

- A’, Consequently, at this time B > A and intersection of curves A and B is observed 


before the maximum for B. 
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We shall assume that there exist two forms of substance B. In the case of scheme 

VI the curves A, B’ and B” repeat the arrangement of the curves of scheme IV. The 

averaged s.a. of both forms of B lies between curves B’ and B”. It is clear that 
B= (b’* + b’’*)/(b’ + b”), ie. 

B= b’*/(b' + b’) + b’*/(b’ + +b”). (8) 


We shall denote 5’’/b’ by m. Then substituting 5’ = mb’ in the first term of expression 
(8) and b’ = b’’/m in the second gives: 


B= (B’ + mB”)/(m + 1). (9) 


If the two forms of chlorophyll d really exist, this must be connected with peculiar- 
ities of the internal organization of the chloroplast at molecular level. Since it is diffi- 
cult to expect such organization to undergo serious changes at the time of the experiment, 
it may be assumed that m= const. Without this assumption, the analysis would be 
complicated. Differentiating (9): 


l ; 
dB/dt — (dB’/dt + mdB’’/dt). (10) 
m+ 


In accordance with (5) 


7 


V, } 
dB’ /dt = —* (A — B’) + —*(B” — B’): 
b’ b’ 


’ V, 
dB" /dt = — (B’ — B”). 
b’ 


Substituting these expressions in (10): 
I V, iv 
dB/dt ~ (A — B’) (B’ — 
m+1 {85 b’ 


Introducing mb’ for b” and simplifying, we get: 
V, int 
(m + 1) dB/dt — (A — B’)+ 
b’ b 


From (9) 
‘+mB" (m- 
l oa m 
m(B” — B’) 


’ 


m-+ | 
I , 
(B— B’). 
m 
Expression (11) taking (12) into account gives 
dB (V;, — V.)(m — 1) 


V 
(m + 1) — = — (A — B’) + 
dt b’ mb’ 


(B— B’). 
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4 B, this equation becomes: 


d B m(V, 


(m l (13) 


di mb’ 
Since, after their intersection B’ and B’’ diminish, then B also falls in this region. A 
intersects B’ and B’’ (see scheme IV) and consequently intersects B before the inter- 
section of B’ and B’’. Therefore, both the maximum for B and the point of intersection 
of curves A and B lie in the region where B’ < B< B’, i.e. B—B 0. It may be 
asserted on the basis of (13) that if at the moment when A B we find that: 


A) m(V2+ V, — Vs) + (Vg — Vs) > 0, 


0 and intersection of A and B is observed after the maximum for B is 


B) m(V, V, . . 0, 


0 and the maximum for B is reached at the point of intersection of B 


C) m(V, V, V.) (V, V.) 0. 


0 and the intersection of A and B is observed earlier than the maximum 
diminishes, then V, + V, < V3; V. + V,; — V2 <0 and since V is always 


I 0. The information yielded by this approach is given in Table 1. 


1 


TABLE |. DEPENDENCE OF RATES OF REACTIONS IN SCHEMES VI AND IX 
ON THE CHARACTER OF CHANGE IN CONCENTRATION 
Component Direction of change in concentration 


of system Reduction Increase Constant 


Scheme VI 


For m constant, the changes in 5’ and b” run parallel. Thus in all three cases V, 

V,<0. With a reduced or constant concentration of B, V, V,—V,<9, 
le. m(V, V,— VV.) + (Vy — V,) < 0. Consequently, with reduction and constancy 
of b intersection of curves A and B must be observed before the maximum for B. With 
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an increase in b when V, — V, < Oand V, + V, — V, > 0, it is difficult to say anything 
on the relation of curves A and B. The same conclusions may be arrived at by analysis 
of expression (11) at the moment A = B’ and A = B”’. Since however the position of 
the s.a. maximum for chlorophyll 5 under the s.a. curve for chlorophyll a was also 
observed when the concentration of the pigments fell, scheme VI does not correspond to 
experimental results. These inferences were drawn from the equation (5) usually employed 
in the literature. However, proceding from the general equation (2) we might have 
obtained for scheme VI, the expression 


a 4 eo 

dt b b 

which at once leads to more definite results. Since at the maximum for B where dB/dt 
= 0, B—B’’>0 applies, then A—B<0O and A<B. Consequently, the conclusion that 
curves A and B intersect before the maximum for B so rendering scheme VI incompatible 
with the experimental data is thus derived without any additional assumptions, i.e. 
independently of the nature of the change in the concentration of the pigments and 
constant distribution of the substance between the various forms. Obviously, it can 
also be shown that scheme VII, bringing together schemes V and VI, cannot lead to 
the observed relation of the curves. 

The position changes if the two forms of pigment are arranged not in a linear 
sequence but form a branched system. If one form of chlorophyll a supplies the material 
both to chlorophyll 5 and to a second form of chlorophyll a (scheme VIII) then from 
(5) we have 


7 


V, 
dB/dt b (A’ — B); dA”’/dt = (A’ 


Obviously, the maximum for A” and the maximum B lie on the descending branch of 
A’ and curve A is enclosed between A’ and A’’. The relation between the curves A and B 
depends on the ratio of the velocities of the reactions. If these velocities are such that 
the maximum for A”’ is reached before that for B, then since after this point A is higher 
than A’ and the maximum for Bis reached at the intersection with A’, the maximum for B 
is below curve A (case 1). When the maxima of A” and B are reached simultaneously 
the point of intersection of curves A and B coincides with the maximum for B (case 2). 
If the maximum for B is observed before that for A’’ then, depending on the relative 
velocities, two variants may be observed (case 3). With a faster initial rise in curve A 
than curve B on its path to the point of intersection of A’ and A”’ it must intersect B 
before the latter reaches its maximum. With a slower rise in A than B, it either intersects 
B after the maximum for B or remains below curve B without intersecting it. Although 
cases 2 and 3 do not correspond to the course of the experimental curves as a whole, 
in case 1 scheme VIII is fully compatible with the experimental findings. 

We shall now assume the existence of a lateral (in relation to the main chain of 
metabolism of the pigment) form of chlorophyll b. Scheme IX is a modification of 
scheme VI, changing neither the form of the equations for dB’/dt and dB’’/dt nor the 
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relation of the maxima and points of intersection of curves A, B’ and B’’. However, it 
merits separate consideration in that another path of withdrawal of material from B 
affects the behaviour of the s.a. Analysis of scheme VI is applicable to scheme IX up 
to the moment when it is necessary to take into account the change in the concentration 
of chlorophyll A. In this case, on increasing the concentration V,—V;, < 0; V.+V,>V,+ 

V.; V.+V,—V,>V;>0 and the sign of the expression m(V,+V,—V;)+(V4—V5) 
remains undefined, varying with the ratio of the velocities and the value of m. However, 
with a different character of change in concentration of B the answer is quite distinct 
(Table 1). Bearing in mind the analysis of scheme VI, it may be concluded that with 
reduction or constant concentration of B, the maximum in curve B must be reached 
below curve A, before their intersection. 

The same conclusion can be derived directly from equation (2) which for scheme 


IX assumes the form: 


iB Vz V. 
: 2 (4 — B) 4 = (B— B’). 


dt b 
Since for dB/dt = 0 (B maximum) B—B’<0, then A—B>0 and A>B. Consequently, 
also in the general case, i.e. irrespective of the nature of the change in concentrations 
and the distribution of substance between the forms, scheme IX is quite possible. 
Thus, as distinct from the linear schemes the concept of branching of the biosyn- 
thetic chain with formation of a second component of chlorophyll a or chlorophyll 
b as a side branch is entirely compatible with the experimental data. Obviously, it can 
also be shown that this also applies to scheme X, bringing together schemes VIII and IX. 
The question arises whether the relation of the s.a. curves of the chlorophylls observed 
experimentally is the result of the combined analysis of two parts of the plant: 
that existing before removal of the plant from the medium with “C and that formed 
later as a result of growth of the shoot. We attempted elucidation of the relation of the 
s.a. of substances A and B synthesized consecutively if they form two separate systems 
into one of which isotope was introduced for a short time while the second did not have 
it. These systems can be depicted by the diagram 
| -] 2 


— is es oe 


Here, subscripts | refer to the labelled system, subscripts 2 to the unlabelled one. The 
symbols without subscript denote total concentrations and the s.a. relating to sub- 


stances A and B as a whole. Then: 
db/dt = db,/dt + db,./dt; 
db/dt = V, — V_, + V2 — Vs. 
Since in the second system the substance is not labelled, then 


db* /dt = V,A, — V_,B,; 
b* = (b, + b) B=),B,; 
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Similarly 


Differentiating (16): 
dB 


db*/dt = (db,/dt + db,/dt)B + (b, + dy) 7 
at 


Substituting (14), (15), (17) and (18) in (19) gives: 
b ue b, » » 
-—_= B= V,B—V_,B+ V.B—V_,B- 
by 

dB , = * me ' ' , 
b = V,(A — B) + [V,— - aii V4). (20) 
dt ay b 

In the general form this equation does not permit any conclusions and therefore it 
would seem that the concept of two autonomic compartments of biosynthesis is in- 
sufficient for establishing agreement between the scheme of consecutive formation of 
chlorophylls a and b and the experimental data. The position changes, however, as 
soon as explicit conditions are superimposed on the scheme. We shall assume that all 
the reactions of both systems are first order reactions and k is the velocity constant. 
Then from (20): 


B | : b. 
b a k,a,(A — B) + (k,a, 2A kb, — B) + Blk», — Kea); 
dt \ ay b, 


\ 


k,a,(A — B) + (kya,A — k_,b,B) + B(k_.b, — kay). (21) 
If the state of the molecules does not depend on the time of their formation, the velocity 
constants are common for both systems: k, = k,; k_, = k_,. Then 
bd B/dt = k,a,(A — B) + k,a,A — k_,b,B + k_,b.B — k,a,B; 
bd B/dt = k,a,(A — B) + k,a,(A — B); 
bd B/dt = k,a(A — B). (22) 


An equation of similar form is derived if instead of assuming a first order reaction the 
steady state is assumed. Then V, = V_, and V, = V_, and (20) becomes 


bd B/dt = V,(A — B) 4 An a By. (23) 
a b, 


As is known, the ratio of the amounts of chlorophylls a and 5 in the plant is very con- 
stant. Consequently, a,/b, = a,/b, and a,/a, = b,/b,. Then, from (23) we get: 
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bd B/dt = V,(A — B) 


bd B/dt = V, 
b 


b,dB/dt = V,(A — B). 


Equations (22) and (24) formally agree with equation (6), made the basis of analysis 
of schemes I—X. Consequently, in these conditions the concept of two compartments 
of biosynthesis does not alter the conclusions drawn above. First order reactions, 
reflecting the significance of the concentration of the substrate for the rate of the process, 
are usually very close to the real course of biochemical conversions and only at high 
substrate concentrations do they give way to zero order reactions whereas enzymatic 
reactions of the second and higher orders are encountered very seldom [16]. Conse- 
quently, it may be expected that equation (21) quite satisfactorily reflects the possible 
nature of the AB conversions. But this also means that for two biosynthetic compart- 
ments it is necessary for compatibility with experimental work to assume the inequalities 
k, # k, and k_,=k_.,, i.e. metabolic heterogeneity of the pigment stock already assumed 
in schemes VIII to X. Fora steady course of the process such an assumption of differ- 
ent forms of pigment is necessary, irrespective of the order of the reaction. 


CALCULATION OF CONSTANTS AND RATES OF TRANSFER 
On the basis of the remarks just made, equation (6) was integrated assuming a zero 
order reaction (V = const.) or a first order reaction (V = ka) for a/b = const, as usually 


observed. The equations 


B. 


> 


-B, =k ; | | 40 ‘ 


[ aa, 


th t 
so derived when integrated graphically allow one (5) to calculate V and k for different time 
intervals in each of the experiments given in Fig. | and in a number of others. The 
results of such calculations are shown in Table 2. As can be seen, constant values for 
the constant or the rate of transfer are observed in no case and the calculated values 
show a general tendency to fall. It should be noted that in a number of cases such cal- 
culations were made by us from the s.a. curves for phytol and porphin parts of the 
molecules of chlorophylls a and b separately and the results showed a similar tendency 
to fall. This for its part suggest that the simple scheme A-— B is inapplicable to the system 
under review. 

However, the branched scheme of consecutive biosynthesis turns out to be fully 
compatible with the results of such calculations. Thus, for example, in scheme VIII 
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the s.a. of fractions A’ and A”’ so changes that at first radiocarbon predominates in 
the first of them and then in the second. Calculating the rate of transfer of *C into 
component B form the s.a. of the entire stock of chlorophyll a we get at first an over- 
rated and later an under-rated velocity for the chemical conversion AB. Its true 
value will be found from the rate of transfer of *C only at that moment when the s.a. 
of both forms of A’ and A” are equal, i.e. in case 1 between the maxima for A and B. 
Similar considerations apply in examining schemes IX and X where the true value 
is observed in scheme IX after maximum B and intersection of B with A and is not 
attained in any of the experiments. In scheme X, as represented in Fig. 2, the true rate 
is determined only after the maximum for A. 

It is clear that the metabolic heterogeneity would not be apparent in the course 
of the s.a. curves if the rate of transfer of the molecules from one fraction of the given 
component of chlorophyll to the other were sufficiently high or if the amount of sub- 
stance in form A”’ (or B’’) were insignificant. It is quite possible that different plants 
in varied conditions may greatly differ in this respect. 


It should also be stressed that the experimental data discussed above do not exclude 
the possibility of a branched scheme of biosynthesis of chlorophylls a and b not ame- 
nable to analysis by the methods employed and therefore outside the scope of the 
present paper. 


SUMMARY 

Isotope-kinetic consideration of the specific activity curves of chlorophylls a and b 
in experiments with short assimilation of “C by the plant has yielded a generalized 
equation for the change in the specific activity of a substance involved in metabolism. 
The conditions necessary for the general equation to become the one usually employed 
have been discussed. Theoretical examination of the effect of real complications of 
the scheme of consecutive biosynthesis of two substances on the relation of the specific 
activity curves has been made. It has been shown that the experimentally-observed 
location of the maximum specific activity of chlorophyll b below the curve of specific 
activity of chlorophyll a is possible only for metabolic heterogeneity of the pigment. 


The inapplicability of the simple scheme of transition of one pigment to the other has 


been confirmed by calculations of the constants and rates of transfer of the isotope 
between chlorophylls a and 4 for zero and first order reactions. It has been noted that 
in different conditions and for other plants such an effect of metabolic heterogeneity 


may not manifest itself. 
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ABSORPTION OF MONOCHROMATIC ULTRA-VIOLET 
RADIATION IN THE CUTTLEFISH GIANT NERVE FIBRE* 


I. P. SHMELEV and L. P. KAYUSHIN 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 4 January 1961) 


TuE relative change in absorption of monochromatic ultra-violet radiation in the giant 
nerve fibre of the cuttlefish (Sepia esculenta Hoyle) in the state of rest and excitation 
has been studied. This work is a continuation of our research [1] using a more sophisti- 
cated technique for delimiting the states of rest and excitation in the nerve fibres 
studied. 

A single giant axon was placed in a chamber having a quartz bottom, closed at 
top with a quartz cover slip. The design of the chamber prevented the axon from drying 
out. The chamber was placed over the exit slit of a powerfull ultra-violet monochromator 
with a diffraction grating. Irradiation was by means of a SVDSh-1000 super-high 


pressure mercury lamp. For investigating the absorption of ultra-violet radiation in 
the axon two monochromatic lines at 2804 A and 2652 A were chosen. The first lies 


* Biofizika 6: No. 4, 436-439, 1961. 





484 I. P. SHMELEV and L. P. KAYUSHIN 


in the region of absorption by proteins (aromatic amino acids) and the second in the 
region of absorption by nucleic acids and adenyl groups. The output resolution of the 
monochromator was 1-5 mu per mm. The axon was placed along the corresponding 


monochromatic line. 
The radiation which passed through the axon fell onto a photographic film via a 
quartz objective, i.e. in our experiment the axons were photographed in ultra-violet 


radiation. 

In order to be able to photograph only the definite state selected by us (for example, 
the state of excitation) a thin rotating disc with windows cut into it was placed under 
the chamber. The disc had four rectangular windows which, on rotation, passed under 
the axon, the disc rotated at a speed of the order of 1200 r.p.m. The size of the windows 
was such that the time of passage of a window under the part of the axon being photo- 
graphed (and thereby the time of its illumination with ultra-violet light) was 1 msec. 
On this disc, close to the centre at a definite distance from each window, narrow slits 
| mm wide were cut out. Under the disc was placed a FEU-25 photomultiplier and over 
the disc co-axial with the photomultiplier a small 3.5 V lamp. The photocathode of the 
photomultiplier was covered with black paper having a narrow slit. On passage of the 
slit in the disc over the slit of the photomultiplier the voltage pulses from the output 
of the latter were supplied through a cathode follower to the stimulating silver electrodes 
of the chamber containing the axon. The duration of the stimulating pulses was about 
50 usec, the frequency of the stimulation 48 per sec. 

The frequency of stimulation was synchronized with the frequency of passage of 
the windows of the disc under the axon. The photomultiplier and illuminator were 
mounted on one frame capable of turning through a known angle around the axis of 
rotation of the disc. This allowed us to set the delay time of passage of the window under 
the specimen in relation to the stimulating pulse from 0 to 5 msec. For precise setting 
of the delay angle there was a dial divided into degrees. 

On the oscillograph, continuous control was kept of the vital activity of the axon 
and the latent period was determined on stimulation of the nerve. The time of arrival 
of the stimulus at the part of the axon being photographed was found from the geometry 
of the chamber and the known velocity of conduction of the cuttlefish nerve fibre (in 
(experimental conditions about 10 m/sec). 

We were interested in the following phases of stimulation: directly before the start 
of the action current, the spike (duration in our conditions was 1-1-5 msec)—the first 
interval of a 1 msec duration and a subsequent interval of the same duration (termed 
by us for brevity “post-spike”). By means of the arrangement described above any of 
these phases could be photographed. 

For comparison, a series of 10-15 frames alternating with the state of rest were 
photographed. The state of rest corresponded to complete absence of stimulating 
pulses. The exposure time for each frame was 0-5-1 min. The exposure ensured working 
on the linear part of the curve shoving the dependence of the sensitivity of the photo- 


graphic film on the intensity of the incident illumination. 
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The films taken were photometered after development to determine the relative 
change in the density of the negative image of the axon in a definite state of excitation 
as compared with rest. 

Photometry was at the same site on the axon in all the frames of this series. The slit 
of the micrometer was set parallel to the axon. To reduce the scatter of the readings 
of the galvanometer of the microphotometer, due to inaccurate setting of the slit at a 
particular site on the image of the axon, the maximum fluctuations of the galvanometer 
on passage of the slit across the boundary zones of the image and the minimum fluctu- 
ation in the middle of the image were taken into account. Owing to the variations in the 
combustion of the SVDSh-1000 mercury lamp and the strobiscopic effect of the rotat- 
ing disc the illumination of the frames varied. To exclude the effect of this factor on 
the results, the density of the negative was also determined close to the axon and all 
the results of photometry of the axons were corrected for the variable density of lumi- 
nation of the individual frames. The methodological error of photometry was determined 
by comparing the uniformity of adjacent frames by repeat photometry for one site 
of the image and from the change in the position of the galvanometer needle with 
slight shifts in the image relative to the slit of the microphotometer. This error did not 


exceed 3 per cent and was, as a rule, 1-5-2 per cent. 
RESULTS 


Absorption of 265 my. ultra-violet light in the state of stimulation fell as compared 
) is a graph of the values of absorption in the state of stimulation 
7, etc. on the abscissa) and at rest (2, 4, 6, etc. on the abscissa). 


with rest. In Fig. 1(1 


“the spike” (1, 3, 5 
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The abscissa gives the numbers of the successive frames in the series, the ordinates the 
absorption in the axon in arbitrary units. These, or similar serrated graphs were ob- 
tained for almost all the axons photographed. 

The average reduction in absorption was 5-6 per cent for most of the axons with 
a maximum of 10-12 per cent. 

It should be noted that absorption of ultra-violet radiation at the margins of the 
axon was higher (2-3 times) than in the centre. Fig. 2 illustrates this point. In the 
photograph (a positive) are clearly shown narrow (10 per cent of the width of the image 
of the axon) dark boundary bands of maximum absorption. 

It should also be noted that the reduction in absorption in the “spike” state in the 
boundary regions was greater than in the middle part of the axon. Simple calculations 
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show that the absorbing substance was almost exclusively in the boundary regions, 
with a thickness of about 15-20 u. 

Absorption in the post “spike” at 265 my did not differ (within the limits of error) 
from that at rest. A similar arbitrary graph for this state is in the form of a straight 
line approximately parallel to the abscissa with the scatter of points not exceeding +2 


per cent of the average (Fig. 1(2)). In the axons when fatigued or dying from prolonged 
stimulation (after 20-30 min) a systematic rise in absorption was noted with time in 
these conditions of irradiation. 

[here was no change in absorption in the pre-spike phase in the stimulated axon as 
compared with the resting one. 

Absorption in the spike phase at 280 my is represented by the arbitrary graph of 
Fig. 3. In this case absorption on stimulation (24, 26, 28, etc.) was greater than at rest 


\ 





% 25 26 2? 28 29 RO 
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29, 31, etc.) in 7 of 8 cases. The relative mean increase in absorption with 
stimulation was 5—6 per cent, the maximum 15-16 per cent. The picture of absorption in 
the axon stimulated in the “post-spike” period was the converse (Fig. 4); absorption 
at rest (12, 14, 16) was greater than on stimulation (11, 13, 15). The mean decrease in 
absorption in the “post-spike” was 6-10 per cent, the maximum up to 20 per cent. 
This picture was noted for 2 of 4 axons. In the others, the picture was irregular. 
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Reference must be made to the absence of a clearly marked boundary region of 
raised absorption in the region of 280 mu. In this case, at the margins it was possible 
sometimes to see an increase in absorption by 20-25 per cent as compared with the 
central regions (as a rule, however, this was not observed). 


x 





n nl 1 ! 
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Most of the axons could be photographed only in one wavelength or even in only 
one condition of excitation (“spike” or “post-spike”). The average lifetime of the 
axon in the chamber on exposure to interrupted irradiation with ultra-violet light was 
about 20-30 min. 


CONCLUSIONS 


Increase in the transparency of the giant nerve fibre to ultra-violet light of wavelength 
265 mu on passage of an excitation wave may be due to several causes. 

Usually, the change in absorption in this region of the spectrum is associated with 
the content of nucleic acids (RNA) [2]. Such a phenomenon could hardly have occurred 
in our case. There are no reliable indications of an appreciable content of nucleic 
acids in the giant axon. It is also difficult to postulate that the special properties of 
nucleic acids (protein synthesis) are necessary for the hypothetical biochemical con- 
versions on conduction of nervous excitation. 

It may be supposed that the change in the absorption spectrum at 265 my was due 
to reactions in the acetylcholine system. However, from the results given in paper 
[3] on the interaction of acetylcholine and its enzyme, absorption is increased at 265 mu. 


It is most probable that during excitation, of fundamental importance are reactions 
involving the adenyl system. It is known that the giant axon contains a considerable 
amount of adenosine triphosphate [4], chiefly in the nerve sheaths. Even a small fluctu- 
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ation in the pH of the medium can cause an appreciable change in the absorption of 
ultra-violet light at 265 mu in the adenyl system [5]. Direct deamination of ATP is also 
possible with utilization of the energy of deamination to ensure the process of propa- 
gation of excitation. 

It has already been noted [1] that increased absorption in the spectral region 280 mu 
is connected with accumulation of free chromophore groups on breakdown of protein 
molecules that selectively absorb ultra-violet radiation of the given wavelength. It should 
be noted that such a phenomenon also exists in processes of propagation of excitation 
the duration of which is very short (~0-001 sec). 

We wish to express our sincere gratitude to Professor Fan Te-pei for interest in the 
work and also Su Kay, Tan Te-Pei and Kao Hin-Luan for assistance in the experi- 


ments. 
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KINETICS OF TRANSITION TO NEW STEADY STATES 
IN PLANT ORGANISMS* 


G. D. DETSCHE\ 
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(Received 4 November 1960) 


[HERE are comparatively few studies in which metabolic processes in the body are consid- 
ered as proceeding in open systems in a steady state or on transition from one steady 
state to another. A review of such studies has been given by Pasynskii [1] and Bray 
and White [2]. 

Our aim was to study some features of the kinetics of processes in the organism from 
the point of view of the theory of open systems. The work was done in plants since 


they return with more difficulty to the original steady state and the equilibrium of the 


new steady state develops more slowly. 


* Biofizika 6: No. 4. 440-447, 1961. 
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METHODS 

Bioelectric potentials were used as indicators of changes in the physicochemical 
processes occurring during tissue metabolism. We not only traced the resting potential 
but also the functional state of the organism (resultant of the direction, intensity and 
synchronization of metabolic processes), which was characterized by change in the 
bioelectrical potentials during setting up of the new steady state with standardised 
variation of environmental factors (heat or light “stimulus”), by means of a so-called 
functional test. 

The functional state of two plant specimens greatly differing physiologically was 
investigated: the leaves of Parthenocyssus veithii and intact Trifolium repens plants 
of different ages were exposed to cooling and frost, high temperature, carbon dioxide 
gas, loss of water and ether narcosis. Changes in the bioelectrical potentials caused 
by the application of a typical stimulus (heat) and by standardised variation of a definite 
environmental factor (for example, illumination) were assessed. 

Heat denaturation induced by high temperature was used as typical stimulus. The 
technique of stimulation with complete or partial denaturation of petioles of Trifolium 
has been described in our earlier paper [3]. In this work, heat stimulation was also used 
at the point of recording on the leaf blade of Parthenocyssus. The second electrode 
was set on the petiole of the leaf 2 cm away from the blade. 

The technique of changing the illumination has been described in our previous 
paper [4]. The Parthenocyssus leaves were exposed to periodic illumination (2 min light 
and 3 min darkness). This resulted in improved ability of the leaf to pass into a new 
steady state with separate light flashes as progress to the new steady state occurred, 
consequent on biochemical processes during periodic illumination. 

The age differences in the character of the process of setting up new steady states 
in Parthenocyssus were investigated also with periodic illumination. 

The processes developing on periodic, rhythmical illumination were brought to 
the steady state before each of the investigated changes in metabolism (from cold, 
heat or flow of carbon dioxide). Cold was applied for 10 min in a refrigerator at a 
temperature of +4 to —6° for Parthenocyssus and from 0 to —12° for Trifolium. Rhyth- 
mical illumination continued while the plants were in the refrigerator. At the end of 
10 min the plants were returned to room conditions (18°) and the bioelectric potentials 
developing both as a result of setting up to a new steady state with changed illumination 
and on burning (“action potential”) were measured. 

A similar experiment to study the effect of high temperature was carried out. To 
avoid increased transpiration, the Parthenocyssus leaves were immersed in a water 
bath the temperature of which (42-46°) was maintained by an ultra-thermostat. 


In experiments concerned with the effect of carbon dioxide on the course and 
character of setting up a new steady state in alternating illumination, the lower side of 
the Parthenocyssus leaf with the stomata was exposed to a jet of carbon dioxide and at 
the same time the bioelectric potential was recorded from the corresponding part of 


the upper surface of the leaf and petiole. 
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Experiments on change in functional state resulting from loss of water were carried 
out on the intact Trifolium plant which was left at room temperature to give a moisture 
loss of a fifth, a fourth, a third, and half of the original weight. The functional state 
was evaluated from the reaction ot a standard stimulus—burn of the petiole. 

The apparatus and measurement technique for the bioelectric potentials have been 
described in an earlier paper [4]. 

RESULTS AND DISCUSSION 

The first point to arise is the kinetic significance of the curve of changes in the bio- 
electric potential. 

In accord with our previous results [4] it was possible to show that on illumination 
of the leaf blade of Parthenocyssus, its potential changes in the manner shown in curve 
a (Fig. 1) in relation to the potential of the petiole. This reaction of the leaf to illumi- 
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Fic. 1. Kinetics of transition to new steady state (with “separate peak” —“overshoot”). a, on transition 


to new steady state as a result of illumination of Parthenocyssus leaf; b, on transition to new steady 

state after burn on Parthenocyssus leaf; c, on transition to new steady state after burn of petiole in intact 

Trifolium (A, reaction under first electrode, B, reaction under second electrode); d, on change in con- 

centration of CO, around Parthenocyssus leaf; e, brief increase in transpiration (according to Kholo- 
dnyi); f, kinetics of changes in aerated suspensions of C. diphtheriae. 


nation has a number of features characteristic of a bioelectric reaction to stimulation: 
similar course of the curves obtained for a burn of the Parthenocyssus or the Trifolium 
petiole (see first half of biphasic curve reflecting propagation of excitation wave 
c) latent and refractory periods, the process once induced runs an independent course. 
At the same time, however, on changing the illumination typical transition occurs 
from one steady state (course of processes in darkness) to another (course of processes 
in light). This is shown by a number of facts. 
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1. On repeat illumination the bioelectric response to each of the alternating illumi- 
nations rises to a definite level, i.e. the reaction is intensified, which means that the plant 
deviates from the original steady state and passes to a new one which must be maintained 
by periodic illumination; or the plant, after a few hours, returns to the original state. 

2. The value of the bioelectric potential obtained on illumination closely depends 
on the concentration of carbon dioxide in the atmosphere of the leaf; this shows that 
the bioelectric potential is connected with photo-synthetic processes. Thus, for a reaction 
of 30 mV, supply of carbon dioxide increases it to 100 mV, i.e. more than trebles it. 


3. The degree of change on illumination does not go beyond the phylogenetically 
established norms. This can be seen from the fact that the bioelectric reaction is directly 
proportional to the intensity of illumination for an interval twice that of the intensity 
of illumination applied as the “stimulus” in our experiments. 

4. A similar course of the curve of bioelectric potentials was noted also on change 
in the steady state of the metabolic processes, which can hardly be regarded as a stimulus, 
namely on change in the steady state which set in on reducing the strength of the carbon 
dioxide flow round the leaf (curve d). The value of the bioelectric potential in this 
case depends on the degree of preliminary illumination of the leaf, i.e. transition to 
the new state on change in the CO, concentration depends on the processes of photo- 
synthesis in the leaf. A similar pattern of change in the bioelectric potential was obtained 
by Kholodnyi [5] with a brief increase in transpiration (by raising the bell jar from over 
the experimental plant) which is difficult to speak of as stimulation (curve e). Exactly 
the same curves were obtained by Hewitt [6] when measuring shifts in Eh in aerated 
suspensions of the Corynebacterium diphtheriae (curve f). Such curves with a “separate 
peak” (overshoot) are encountered when animal or plant organisms or organs pass 
from one steady state to another. 

The curves shown make it clear that the kinetics of the changes in the bioelectric 
potential on typical stimulation and the setting up of a new steady state on modifica- 
tion of a particular environmental factor are the same. This warrants the assumption 
that reaction to a stimulus is merely the establishment of a new steady state in an 
open system (from this point of view the excitation wave spreading over the plant is 
a transition to a new steady state). 

If it is borne in mind that all the processes in the organism must be considered as 
processes in an open system, then the question arises as to whether the known kinetics 
of the course of excitation are in essence common to all processes in the organism. 
It is possible that with excitation, the kinetics can be better studied since a noninertial 
technique is used, enabling one to follow changes over very short intervals of time, 
which is impossible with present methods of studying metabolism. 

To elucidate this problem special experiments were run. Recordings were made 
of the changes in the bioelectric potentials occurring in response to typical stimulation 
(burn) or change in illumination of the plants, the steady state of which shifted as 
a result of variation in temperature. 

Cooling Trifolium for 10 min below —7° and Parthenocyssus at 0° and then returning 
to room temperature resulted in prolonged inability to pass from one steady state to 
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another; absence of a reaction both to the typical stimulus (burn) and to alternation 
of light and darkness. At —5° for Trifolium “reactivity” was restored only 16 hr after 
cooling for 10 min. 

With weaker stimuli (10 min exposure of Parthenocyssus at 4° or 44°) we observed 
the same inability to pass to the new steady state, lasting only 30 min with subsequent 
gradual restoration of this ability. This effect applied both to the bioelectric reaction 
to typical stimulus (burn) (Fig. 2) and to the possibility of establishing a new steady 
state with changes in illumination (Fig. 3). 


i ~“y) 


A 





is’ 30’ 40" 65" 95" HS’ 


I 


Fic. 2. Kinetics of restoration of original steady state (at +18°) after temporary loss of capacity to 

set up new steady states as a result of marked modification of original steady state by exposing Partheno- 

cyssus leaf for 10 min to a temperature of +4°. The kinetics are characterized by the ability to achieve 

new steady states on standard change in illumination. A, 10 min stay in cold, I, before and II, after 
disturbance of metabolism. 


These experiments show that the changes in the bioelectric potential reflect physio- 
chemical processes in the protoplasm common both to reaction to a stimulus and tran- 
sition to a new steady state. On change in the steady state of metabolic processes, not 
only does the mode of transition to the new steady state change (on variation of illumi- 
nation) but also the response to a typical stimulus (burn). 
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Fic. 3. Kinetics of restoration of original steady state. Kinetics are characterized by the value of the 
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bioelectric potential on setting up new steady states as a result of standard change in illumination. 
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1, portion of leaf not damaged by cooling; 2, portion damaged by cooling. 
The following point must be particularly emphasized. On repeated appearance of 
the bioelectric responses to burns or alternating illumination plants acquire features 
no longer typical of a process in an open system, passing to the new steady state with 
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a “separate peak”, but of a process the level of which approximates experimentally 
to a new steady state. 

The same course of curves was also observed after ether narcosis (reaction of 
Trifolium to burns and Parthenocyssus to alternating illumination) after withering 
(reaction of Trifolium to burns), after damage (on transition of the Parthenocyssus 
leaf to the new steady state in alternating illumination). 

In complete agreement with this changed type of curve of bioelectric responses to 
single stimulation or alternating illumination, damage causes change in the course of 
the curves reflecting return of the leaves to the original state after 10 min at low or high 
temperatures. Fig. 3 shows that in the undamaged part of the Parthenocyssus leaf the 
value of the bioelectric potential exceeds the original, later returning to the original 
value in an exponential manner. 

The same effect has been observed by Pasnyskii and Blokhina [7] on taking the 
enzymatic process occurring in an open system out of the steady state by changing the 
velocity constant K (and consequently, the steady level) by 2-7 per cent. They achieved 
the same result by raising the temperature of the open enzymatic system by more than 
10° or by lowering it by 5°, so demonstrating the diminished capacity for compensation. 
For larger temperature changes, the possibility of establishing new steady states is, 
in general, disturbed, as expressed in continuously sloping curves. 

The same effect was induced by us on transfer of young Parthenocyssus leaves 
to a new steady state by change in illumination. Fig. 4 shows the different forms of 
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Fic. 4. Change in character of transition to new steady states on change in illumination of Parthenocys- 
sus leaves of different ages. 1, darkness; 2, light. 


achieving the new steady state for Parthenocyssus leaves of different ages on periodic 
illumination. As the figure shows, as well as change in the form of the curves of bioelectric 
response to separate illumination, there is change in the kinetics of the transition to 
the new steady state (course of the processes with periodic illumination. As the leaf 
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develops, it is possible to observe the following forms of transition to the new steady 
state: whereas the youngest leaves cannot remain at the new steady level and continu- 
ously deviate from the original position, in young leaves a subsiding curve of transition 
is observed whereas grown ones tend to return to the original state after temporary 
deviation from it and a curve with a “separate peak” is noted. Obviously, during onto- 
genesis there is increased synchronization of processes which make possible the devel- 
opment of compensatory mechanisms that tend to restore the system to the original 
state. The inadequate synchronization of these processes in young leaves, expressed 
in the absence of compensatory mechanisms, explains the known fact that environ- 
mental variations cause much more profound changes in the young organism than in 
the adult one. 

This conclusion is consistent with the fact that in the plant structures investigated 
by us positivity was represented (even with very good functional state of the specimen) 
by only part of the original negativity. In other words, the processes cannot return 
directly to the original steady level but settle at a certain different level. At the same 
time, in highly specialised excitable structures, for example, in the nerve elements of the 
animal body, the bioelectric reaction fully regains the original level after negativity, 
i.e. the ability to return to the original steady level is improved with perfection of 
structure. 

Unlike a single open enzyme system, increased deviation from the original steady 
state in organisms, leads not only to a transition from curves with a “separate peak” 
to exponential curves and later sloping curves but to a certain specific reduction in 
the degree of the subsiding reaction up to its complete disappearance. We saw this 
phenomenon both in relation to the reaction to typical stimulation (burn of the pet- 
iole of Trifolium, Fig. 2) and in relation to the possibility of establishing a new steady 
state on alternating illumination of Parthenocyssus leaf after marked change in tem- 
perature (Fig. 3), and also in relation to withering of the whole Trifolium plant. The 
oxygen intake (determined in a Warburg apparatus) changed in the first minutes and 
then passed through the normal level. Despite the intake of oxygen the ability to set up 
a new steady state was not observed. This shows that the ability to establish a new steady 
state is dependent not merely on the intensity of oxygen intake. Obviously, in metabolic 
processes some other factor also changes. In the organism we do not have one biochemi- 
cal reaction but metabolism consists of a chain of complex-coupled cyclical reactions [2]. 
Akulov [8] sees them as coupled branched chain reactions occurring in heterogeneous 
systems. Change in the conditions of the course of the reactions disrupts the coordination 
of metabolism and disturbs the strict synchronization between the individual links 
and directions of the coupled processes. The disappearance of compensating processes, 


imparting the character of an “overshoot” process to the kinetics of transition to 


the new steady state is due, as has been shown here, to unbalancing of metabolic 
processes. Still greater change in the conditions of the course of metabolic processes 
(i.e. profound disturbances in synchronization between the individual links) most 
probably renders impossible organized transition to the new steady state and this is 
expressed in disappearance of the ability to react. This conclusion is confirmed by 
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previous findings to the effect that the new steady state with temperature stimuli is 
formed according to a exponentially decreasing curve and only after adequate synchro- 
nization of the processes do curves appear with a “separate peak”. 

Stimuli which do serious damage cause complete loss of the ability to set up new 
steady states since the disturbance is irreversible although oxygen continues to be 
taken up. 

On setting up a new steady state after low or high temperature treatment repeated 
“excess” is observed in the organism. Such complications in transition to the new steady 
state are seen, on bringing out of the steady state two or more reactions occurring in 
conditions of open systems [8]. Such fluctuations of an exogenous or endogenous 
origin are characteristic of all physiological processes. Their value however, is usual- 
ly small as compared with the fluctuations induced experimentally on transfer to a 


new steady state. 


CONCLUSIONS 


(1) Examination of plant organisms as open systems in a steady state or during 
transition from one steady state to another, enables a number of biological phenomena 
to be interpreted from a consistent point of view. 

(2) The possibility of determining the functional state of a plant organism (result 
of direction, intensity and synchronization of metabolic processes) from its ability 
to set up a new steady state with standard variation of a definite environmental factor, 
i.e. in the functional test, has been demonstrated. 

(3) Common kinetics of transition from one steady state to another have been noted 
both after a typical stimulus (burn) and establishment of a new steady state in any 
other way (after change in temperature, illumination, concentration of CO,, content 
of water in the plant). They are satisfactorily described by curves of transition of coupled 
processes to new steady states in open systems. This means that the reaction to a stimulus 
is merely transition of an open system to a new steady state. 

(4) Moderate deviations from the original steady state cause processes characteriz- 
ed by curves with a “separate peak” (“overshoot”); with deterioration in the functional 
state (damage, withering, ether narcosis) as a result of desynchronization of metabolic 
processes, there is disturbance of the organization of the reaction directed at restoring 
the system to the original state (the curves acquire a diminishing character with expo- 
nential approximation to the new level). This type of curve is also observed in very 
young leaves, which suggests a still inadequate synchronization of metabolism and 


explains the more considerable changes in a young organism to the influences of environ- 


mental modifications. 

(5) Temporary or final loss of the ability to establish new steady states while still 
consuming oxygen, as observed after application of powerful stimuli, shows that the 
synchronization of the coupled processes is greatly disturbed. 

(6) Curves with repeated “overshoot” are in agreement with the ideas developed here 
of steady states of open systems—two or more reactions are taken out of the steady 
state (systems of reactions). 
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BACKGROUND RHYTHMICAL ACTIVITY OF INDIVIDUAL 
NEURONES OF THE SPINE* 
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(Received 7 September 1960) 
IN most of the work done on intracellular recording of the electric potentials of the 


neurones of the spine, the features of single processes of excitation and inhibition 
developing against a background of the resting state of the cell have been discussed 


[1-7]. However, such conditions are, to a certain extent, artificial and usually arise in 


deep narcosis. If the experiments are carried out under shallow narcosis or, in particu- 
lar, in non-narcotized animals (decerebrated or spinal animals or rendered motionless 
by curarization) when the reflex excitability of the spine is maintained at a high level, 
then the majority of cells in which the microelectrode is inserted display to differing 
degrees, persistent rhythmic activity [8, 9]. The activity of the cell specially induced 
by an afferent wave, interacts with this background activity frequently in quite complex 
fashion. The present communication is concerned with the peculiarities of the various 
types of rhythmic activity of the spinal neurones and modes of interaction with purposive- 


induced activity of the latter. 


METHODS 
The experimental animals were decerebrated or spinal cats and also cats rendered 
motionless by procuran, 1:10—bis (trimethyldecamethonium). Some experiments were 
also done on animals under sodium pentobarbitone anaesthesia. The details of fixing 
the animals, preparation and insertion of microelectrodes, amplification and recording 
of the cell potentials have been described previously [10]. Both single and double barrel 


* Biofizika 6: No. 4, 448-458, 1961. 
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microelectrodes were used; the latter made it possible to record changes in rhythmic 
activity of the neurones in relation to change in the level of their resting potential 
(through polarization of the cell membrane with direct current of a particular direction). 
In some experiments to prevent distortion of the amplitude of the action potentials by 
the input capacitance of the recording system, a cathode follower was used with fre- 
quency-dependent positive feedback (“negative capacitance”) as designed by P.Ya. 
Pyatigorsk. 


DISCUSSION 

Types of rhythmic activity. On intracellular recording from the different neurones 
of the spine, three main types of rhythmic activity were registered. 

1. In a number of neurones insertion of the micro-electrode revealed activity similar 
to that in other excitable structures during their spontaneous activity. Its characteristic 
feature was the presence of smooth, slowly rising depolarization of the cell membrane 
(“pre-potential”) in the intervals between the action potentials. Such depolari- 
zation activity generated in waves had an exceptionally stable and regular rhythm 
(Fig. 1). In most cases it was seen that the initial impetus for generation of this rhythmic 


Fic. 1. 1, autogenous rhythmic activity of motor neurones; 2 and 3, that of two 
intermediate neurones of the dorsal crescent. 


activity was insertion of the microelectrode into the cells; on extracellular positioning 
of its tip before the puncture this activity was absent, then it appeared simultaneously 
with a jump in the resting potential (r.p.) and could be maintained despite subsequent 
withdrawal of the tip from the cell. Thus, as in rhythmically-active striated muscle 
fibres (11), the mechanical factor only brought out the predisposition of such neurones 
to rhythmic activity; when the latter had already appeared, then its further action was 
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not necessary. Unlike muscle fibres in which to induce rhythmic activity special con- 
ditions of the medium are usually necessary (for example, elimination of calcium ions) 
the central neurones are much more prone to such activity and readily exhibit it in 
normal conditions. Apparently, it is precisely this type of rhythmic activity which was 
taken by Alanis and Matthews [12] as an expression of the mechanoreceptive properties 
of central neurones. 

This activity was frequently recorded in animals when under quite deep narcosis 
so that the synaptic activation of the cells had no effect. In order to emphasize the deter- 
minant role in the generation of this rhythm of processes within the cell itself and not 
‘autogenous”. 


‘ 


from rhythmic synaptic activation, we shall hereafter define it as 

Autogenous rhythmic activity differs in the motor and intermediate neurones. 
In the motor neurones it is distinguished by low frequency (some tens of pulses per sec). 
Usually, the slow variations in the r.p. of the motor neurone in the intervals between 
the individual action potentials (a.p.) could not be separated into their constituent 
components. But in some cells it was possible to establish quite clearly that the pause 
consists of two parts. The rapid descending part of the a.p. cutting off the prepotential 
passed into prolonged after-hyperpolarization and only at its end was there a renewal 
of the slowly rising depolarization. To some degree these two components can be 
separated out in oscillogram 1 (see Fig. 1). The presence of the prolonged after-hyper- 
polarization combined with a slow rise in prepotential, determines the low frequency 
ofrhythm in the motor neurone. 

In the intermediate neurones (for methods of differentiation see [2, 5]) the frequency 
of the autogenous rhythmic activity was higher than in the motor neurones. The reason 
for this was that in these neurones the after-hyperpolarization (consequently, after- 
depression) was either completely absent or very transitory: the slow depolarization 
rose comparatively rapidly. Therefore, the frequency of the rhythm for these neurones 


frequently reached several hundreds of pulses per second. The relevant examples for 


the intermediate neurones of the dorsal crescent are given in the second and third 
oscillograms in Fig. 1; these examples clearly show that in the intermediate neurones 
the basic factor determining the frequency of the rhythm was the rhythmical, repetitive, 
slowly rising depolarization-prepotential and not the after-hyperpolarization. 

[he rhythmic activity described above must be distinguished from the discharges 
on damage frequently recorded on lowering coarse microelectrodes into the brain. 
The damage discharges are always connected with rapid depolarization and death of 
the neurones; neurones in the state of autogenous-rhythmic activity can function 
for a very long time and respond normally to synaptic activation (see below.) 


2. The second type of background rhythmic activity of the spinal neurones was 
also connected with presence of slow variations in the r.p. of the cell. However, these 
oscillations did not have the regular gradual rise indicated above; their rhythm and 
amplitude were highly irregular. Accordingly, the frequency of the a.p. generated by 
them was less constant since the a.p. appeared in separate depolarization waves of 
much greater amplitude (Fig. 2). 
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A characteristic feature of this type of rhythmic activity was its particularly high 
dependence on the entry of afferent impulses into the neurone. Suitable and adequate 
stimulations (pressure on various parts of the skin, flexure or extension of the joints) 
could within wide limits quicken it or make it rarer. In the former case the frequency 
of the slow oscillations in the r.p. increased, they merged and produced appreciable 
persistent depolarization of the cell (cf oscillogram 2 with | and 3 in Fig. 2). In the latter 
case, the oscillations became less noticeable; the total level of the r.p. appreciably rose 
(compare oscillogram 5 with 4 and 6 in the same figure). 


Fic. 2. Synaptically-induced rhythmic activity of neurone; 1, 3, 4 and 6, no stimulation; 2, against 
background of pressure on interstitial cushion of paw; 5, against background of pressure on cushion 
of contralateral paw. 


An important condition for the manifestation of such rhythmic activity was high 
reflex excitability of the preparation. 

All these factors suggest this type of activity is synaptically-induced natural rhythmic 
activity of the cell. The irregular slow oscillations in r.p. are excitatory postsynaptic 
potentials (e.p.s.p.) produced by afferent impulses from the receptors arriving unevenly 
at the cell. 

The corresponding discharges of a.p. could be recorded extracellularly before the 
microelectrode penetrated the cell; after piercing the cell, their rhythm did not change 
but only their amplitude and shape underwent changes corresponding to intracellular 
recording. This clearly shows that the mechanical action of the microelectrode on the 
cell has no bearing on its generation. 

Of course, the two types of rhythmic activity noticed could not always be distinctly 
separated. Highly excitable synaptic neurones could at the same time display a rhythm 
with typical smoothly rising prepotentials, which in such cases, as a rule, determined 


the frequency; but the superimposed synaptic oscillations in r.p. could to a certain 
degree modulate the latter, causing the appearance of premature discharges of action 


potentials. 

3. With intracellular microelectrodes it was also possible to record from the spinal 
elements rhythmic activity not connected with any preliminary slow oscillations in the 
r.p. of the cell (see example in Fig. 3, right oscillograms). Such recordings could often 
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be made in the white matter of the posterior or lateral trunks but also sometimes in 
the grey matter. This rhythmic activity was also modulated by adequate stimulation 
of the receptors and is, as has been assumed also by Frank and Fuortes [2], conducting 
activity of the axons of the primary afferent neurones (posterior trunks) or the 
ascending intermediate neurones (lateral trunks). In the former case, it has an ex- 


tremely regular, while in the latter, a less constant rhythm. 
Dependence of rhythmic activity on the r.p. of the cell. The fact that the first two 
types of rhythmic activity were generated directly at the point of recording (soma of 


the neurone) and the third was connected with activity already existing in other 
parts of the cell, clearly stood out in investigation of the dependence of rhythmic 
activity on the r.p. level. 

Change in the r.p. by polarization of the cell with a direct current through the second 
channel of the intracellular microelectrode caused strictly regular changes in autogenous 
rhythmic activity. On depolarization the frequency of the rhythm rose to a definite 
limit and the amplitude of the a.p. dropped, while on hyperpolarization the opposite 
was the case. 

Both excessive depolarization and hyperpolarization were able to disturb and 
completely stop rhythmic activity. On the other hand, in some neurones depolarization 
caused the appearance of autogenous rhythmic activity that was absent at the usual 
r.p. level or ceased some time after insertion of the microelectrode; conversely, in strongly 
depolarized neurones it was able to restore hyperpolarization. 

Fig. 3 (left oscillogram) shows an example of the effect on autogenous rhythmic 
activity of artificial depolarization (oscillogram 2) and hyperpolarization (oscillogram 


Fic. 3. Left: 2, changes in autogenous rhythmic activity on depolarization; 4, hyperpolarization via 

surface of motor neurone through one of the channels of the intracellular microelectrode; 1 and 3, 

activity before polarization. Right: 2, effect of depolarization and 4, hyperpolarization (induced in the 

same way) on the conducting activity of one of the cells of ventral crescent; 1 and 3, activity before 
polarization. 
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4) of a motor neurone. The reason for the changes of frequency in the rhythmic activity 
in these conditions lies in a certain increase in the rate of rise of slow depolarization 
with reduction in the r.p. With increase in the r.p. the opposite changes occurred. 

Synaptically-induced rhythmic activity could also be modulated by changes in the 
r.p. of the cells although the changes were not so strictly regular as those in autoge- 
nous activity. On artificial depolarization of the cell, with a fall in the critical level 
for generation of the spike potentials, the action potentials started to appear in a large 
number of e.p.s.p. and their frequency increased; on hyperpolarization, the reverse 
was noted. 

With the third type of rhythmic activity, the frequency did not depend on the level 
of the r.p. of the cells. Unlike the frequency, the amplitude of the action potential 
changed proportionately to the r.p.; this proportionality was disturbed only on exces- 
sive depolarization or hyperpolarization. In these cases, conduction of the pulse in the 
region adjacent to the microelectrode obviously became impossible and only the 
effects transmitted electrotonically from the adjacent regions of the neurone were 
recorded. Increase in the r.p. led to the development after the a.p. of well-marked 
after-depolarization and a fall in r.p. to the appearance of a short-lived after-hyper- 
polarization. 

Fig. 3 shows the conducting activity of one of the neurones against a background 
of artificial depolarization (oscillogram 2) and hyperpolarization (oscillogram 4) of 
its membrane. Switch-on of depolarizing current caused a transitory rhythmic discharge. 

Interaction of induced potentials and background rhythm. Since the first two types 
of rhythmic activity appear in the synaptic regions of the cell, they can interact with 
excitatory and inhibitory processes specially induced in it. 

Despite the fact that the autogenous rhythmic activity was undoubtedly provoked 
by insertion of the microelectrode into the neurone, the latter, with a sufficiently high 
reflex excitability of the brain, for a long time maintained the ability to respond to 
synchronous afferent impulses by unchanged excitatory and inhibitory reactions. 
As a rule, the autogenous activity after a certain time ceased and the cells continued to 
function in the same way as did the type of cell into which introduction of a micro- 
electrode was not accompanied by the appearance of rhythms. 

In the motor neurones, as is known, a synaptic wave occurring at the same time 
causes the appearance of excitatory (depolarization) or inhibitory (hyperpolarization) 
post-synaptic potentials. The former could lead to premature generation of the a.p. 
or quickening of their rhythm with summation of the prepotentials (oscillogram 2 
in Fig. 4); the latter, on the contrary, in time suppressed the rhythm (oscillogram 4 
in the same figure). However, in some cases paradoxical relationships may also occur. 
If the cell was highly depolarized (by an electric current or a lesion) so that the rhythmic 
activity existing in it was suppressed, then in this case it could be restored by a background 
of inhibitory (hyperpolarization) postsynaptic potential (i.p.s.p.) and disappear again 
after termination of the latter (Fig. 5). The same i.p.s.p. against a background of the 
normal value of the r.p. of this cell distinctly inhibited its autogenous activity. It must 
be emphasized that the suppression of rhythmic activity by depolarization of the motor 
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cells noted above was observed only in artificial conditions; the synaptically-induced 
depolarization in the motor neurones never reached such an intensity as to lead to 
cathodic depression of rhythmic acitivity. 

Similar changes in autogenous rhythmic activity under the influence of a synchro- 
nous afferent wave could also be detected in the intermediate neurones. In this case, 


Fic. 4. Changes in autogenous rhythmic activity of two motor neurones on appearance in them of 

exciting (2) and inhibitory (4) postsynaptic potentials by single stimulation of skin nerve. Oscillogram 

4 shows the two paths of the beam on synchronization of the moment of applying the stimulation in 
this and following figures. Arrows indicate pulses of stimulating current. 


Fic. 5. Interrelations between autogenous rhythmic activity and inhibitory postsynaptic potential 
of motor neurone on gradual depolarization of latter. Inhibitory postsynaptic potential induced by 
stimulation of the skin nerve. 


certain peculiar features were noted, connected with the character of synaptic activation 
of the intermediate neurones. Generation of an a.p. in the intermediate neurones had 
little effect on the course in them of the e.p.s.p.; the latter were maintained for quite a 
long time after a single afferent wave (see [9]). During the ascending part of the e.p.s.p. 
the frequency of the autogenous rhythm, as a rule, considerably increased, so that the 
amplitude of the separate s.p. in the discharge might have been reduced as compared 
with the usual maximum value. A relevant example is shown in oscillogram 1 (Fig. 6). 
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At the same time, the descending part of the e.p.s.p. (and sometimes also its plateau) 
in a number of intermediate neurones was associated with inactivation of the mechanism 
for generating autogenous rhythm. Such-inactivation can be seen in oscillogram 1 in 
Fig. 6 noted above. 


Fic. 6. Changes in autogenous rhythmic activity of two intermediate neurones on 
Synaptic activation following single stimulation of skin nerve. Neurones located 
in dorsal crescent. 


In other intermediate neurones inactivation of the autogenous rhythm by an afferent 
wave can occur without the development of an appreciable e.p.s.p.—against a background 
little changed or with insignificantly increased r.p. (see oscillogram 3, Fig. 6). 

In principle, the same changes caused synchronous synaptic influences in the synap- 
tically-induced background rhythmic activity of the motor and intermediate neurones. 
These changes were merely less graphic owing tothe greater irregularity of the latter. 


DISCUSSION 

There is no doubt that synaptic activation is the main factor producing rhythmic 
activity of the nerve cell in normal conditions. However, the mode of action of the 
rhythmic activity may vary. In relation to the motor neurone the following interpretation 
of the mechanism of producing rhythmic activity is generally recognized (see [1)}). 
The afferent impulses passing through the various synapses and scattered in time 
produce post-synaptic excitable depolarization potentials which, on reaching a critical 
level, generate a spreading impulse. The action potential formed eliminates all the post- 
synaptic potentials in the soma of the cell and leaves in its wake prolonged after-hyper- 
polarization (and consequently, reduced excitability). Gradual disappearance of the 
after-hyperpolarization combined with new formation of post-synaptic potentials from 
the afferent impulses coming into thecell determines how long after the first action 
potential it will take to restore the critical level of depolarization necessary for generation 





504 P. G. Kostyuk and I. P. SEMENYUTIN 


of the second action potential and so on. The duration of the after-hyperpolarization 
remains constant in the cell; but on quickening of the afferent impulsation there is 
an increase in the rate of rise of post-synaptic depolarization which also leads to increase 
in the frequency of the rhythmic activity of the motor neurones. Hence, the frequency 
of the rhythm is determined by two factors: the rhythm of the afferent impulses and 
the peculiarities of the course of the process of excitation in the cell itself. 

However, the facts reported above show that in definite cases the rhythmic activity 
of the motor neurones may be wholly determined by processes in the cell itself and occur 
in the absence of synaptic activation. This “autogenous” rhythm is connected with 
loss by the cell of the ability to maintain a stable r.p. level this is manifest in the ap- 
pearance of periodic waves of depolarization (prepotentials) generating the action 
potential at the critical value. Combination of the rate of rise of such prepotentials 
and the duration of the after-hyperpolarization following the action potential determines 
the frequency of the rhythm in this case. 

There are no grounds for equating the mechanism of the gradually rising depolar- 
ization in the presence of autogenous rhythm with post-synaptic depolarization po- 
tentials (for more details see [13]). Therefore, it seems to us undesirable to apply to 
the slow r.p. oscillations the same term “prepotential” without regard to wether it is 
autogenous or synaptically-induced rhythmic activity. We propose to restrict this term 
to slow depolarization of a non-synaptic nature (a synonym would be the “potential- 
rhythm pacemaker”). Nor apparently, should we equate the mechanism of the repo- 
larization phase in autogenous rhythmic activity with hyperpolarization post-synaptic 
potentials and may consider that the first consist of a number of “quanta” of such 
p.s.p. ({12] page 50 sic). Also with synaptic block, repolarization proceeds quite regularly 
after the action potential. In such cases we did not observe, as has been described by 
the above workers, cases of appearance of a complete phase of repolarization without 
a preliminary action potential. 

We have no grounds for asserting that the autogenous rhythmic activity of the motor 
neurones may occur in natural conditions without the mechanical action of the micro- 
electrode (although it is constantly observed in the giant neurones of molluscs [14, 
15], damage to which by the microelectrode, owing to their size, is practically excluded). 
Unfortunately, the main criterion for differentiation of autogenous and synaptically- 
induced rhythmic activity—the presence of rhythmically occurring prepotentials — is 
very difficult to apply without penetrating the cell since the slow oscillations in poten- 
tials on the individual neurone are small in amplitude and cannot be reliably recorded 
by an extracellular microelectrode. It must be noted that in this case also it is impossible 
to exclude completely the possibility of mechanical action of the microelectrode on the 


cell through some compression of the surrounding tissue. 


It might have been supposed that insertion of the microelectrode causes a certain 
persistent depolarization of the cell membrane and that this is the direct cause of the 
autogenous rhythmic activity. But direct depolarization of the cell with a direct electric 
current through a double-barrel microelectrode only causes a response in most motor 
neurones at the moment of making the current; stable rhythmic activity does not 
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appear in this case or is very brief (however, such activity was described on polarization 
of the motor neurone with linearly increasing current [16]). Only when insertion of the 
microelectrode into the cell causes rhythmic activity which ceases with time could sub- 
Sequent depolarization restore it. Consequently, in the mechanical action of the micro- 
electrode there is another factor removing the ability of the cell to accomodate to 
prolonged depolarizing action. 

Matters are somewhat more complicated on analysis of the rhythmic activity of 
the intermediate neurones. The distinctive feature of the intermediate neurones is the 
absence or brevity of the after-hyperpolarization following the a.p. and also the main- 
tenance of post-synaptic depolarization despite generation in it of rhythmic action 
potentials [9, 17, 18]. In this case, the upper limit of rhythmic activity is set in the cell 
itself by refractoriness; its frequency in the intermediate neurones may reach several 
hundreds per sec [5, 8, 19]. Direct depolarization of the intermediate neurone with 
a direct electric current causes in it a rhythmical discharge of high frequency [17, 18, 
20]. In the receptor nerve cells of the crayfish, non-oscillatory depolarization of the 
soma form the dendrites also generates a rhythmic discharge, the frequency of which 
is proportional to the degree of depolarization [21]. The same also occurs in a number 
of other receptors. As a rule, in all these cases it is found that each action potential 
is preceded by a quite distinct smoothly rising depolarization prepotential similar to 
the prepotentials in typical autogenous rhythmic activity. The relevant examples can 
be seen in Fig. 8 [9], Figs. 6 and 9 [18], Figs. 5 and 6 [21], etc. Since the critical level 
of depolarization necessary for generation of an action potential in the intermediate 
neurone is very low, then slight depolarization of such a neurone when the microelec- 
trode is introduced, or if there is constant weak synaptic impulsation, suffices to bring 
it into a state of prolonged rhythmic activity. In fact, persistent rhythmic activity is 


one of the most characteristic features of intermediate neurones. 


Thus, in relation to the intermediate neurone it may be supposed that autogenous 
and synaptically-induced rhythmic activity have a common mechanism. In both cases 
it is based on the inner instability of the membrane processes of the cell, connected 
with the absence of noticeable accommodation to prolonged depolarizing action and is, 
in fact, autogenous. It is possible to bring this mechanism into play by reducing, by 


any method, the resting potential of the cell to a definite level; since the rate of rise 


of the prepotentials depends on the level of the resting potential then by changing 
the latter, the frequency of the rhythm can also be controlled. Of great interest is the 
distinct possibility of cutting out the rhythm by excessive synaptic depolarization 
(Fig. 6, oscillogram 1). 

Of course, the presence of this mechanism of rhythmic activity in the intermediate 
neurone does not exclude the possibility of generating in them an action potential by 
bypassing the prepotential (with short-lived waves of depolarization induced for example 


by a synchronous afferent wave). 
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SUMMARY 


Single and double-barrelled intracellular microelectrodes have been used to investigate 
the background rhythmic activity of the individual motor and intermediate neurones 
of the lumbar section of the cat spine. If the frequency of the action potentials on rhythmic 
activity can be regulated by change in the resting potential, then the latter may be 
regarded as arising in the part of the cell being recorded; the fact that in some cases 
the frequency of activity is independent of the resting potential suggests that it spreads 
from other parts of the cell. In the first case, generation of each action potential is 
preceded by slow depolarization of the cell membrane, in the second this is not so. 

Rhythmic activity can be divided into synaptically-induced and autogenous on the 
basis of the peculiarities of the course of the slow depolarization generating the action 
potential. The presence of autogenous rhythmic activity in the motor neurones is largely 
connected with the mechanical action of the microelectrode on the cell, apparently 
reducing the accommodation powers of the latter. Accommodation of the intermediate 
neurones is probably insignificant and therefore, they, after any prolonged depolari- 
zation, can generate autogenous rhythm. 

The excitatory and inhibitory post-synaptic potentials can, within wide limits, 
modulate background rhythmic acitivity; the modes of its interaction with the post- 
synaptic potentials have their own special character for the intermediate and motor 


neurones. 
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Discovery of the spontaneous miniature potentials (m.p.) [1] has extended the possi- 
bility of investigating the nature of neuro-muscular transmission. The experimental 
investigations of a number of workers [2-4] have established that in the resting neuro- 
muscular junction, micropotentials appear with a frequency of 0-1—100 per sec and 
an amplitude from some tens of microvolts to 1-3 mV. At the site of origin they have 
a constant amplitude. 

Change in the state of the presynaptic membrane of nerve fibres affects only the 
m.p. frequency. On depolarization of the nerve endings their frequency is increased. 
Intense depolarization, appearing during excitation of nerve endings, leads to sharp 
increase in the frequency, the m.p. merge and produce the usual post-synaptic potential 
of the end plate [5, 6]. The amplitude of the miniature potentials depends solely on the 
state of the post-synaptic membrane of the muscle fibre [7]. 

A whole number of investigations [8-11] have established that the synaptic potential 
in the neuro-muscular junction appears as a result of the action on the post-synaptic 
membrane of the muscle fibre of acetyl choline (ACh) excreted by the presynaptic 
nerve fibres. It may now be taken as demonstrated that the m.p. appear as a result of 
the spontaneous secretion by the nerve endings of constant amounts of ACh. 

In the literature [2, 12, 13] the problem of the size of these amounts has been discussed 
in detail. At first, the surprising constancy of the m.p. amplitude suggested that the 
m.p. appear under the action of single ACh molecules. In this case one could expect 
the appearance of additional m.p. on external application of sufficiently dilute ACh 
solution. Experience has shown [12] that on introduction of ACh through a micropipette 
into the region of the neuro-muscular plate, only slow depolarization having no effect 
at all on the m.p. frequency is observed. However, it may supposed that the ACh 
molecules from the pipette and from the nerve endings act on parts of the muscle fibre 
membrane differing in sensitivity. Such a phenomenon might be observed if externally 
applied ACh did not penetrate the region of the sensitive membrane of the neuro- 
muscular plate. Findings demonstrating the penetration into this region of the large 
molecules of d-tubocurarine cannot, in our view, be used to dismiss unequivocally 
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such a hypothesis since the penetrating powers of molecules are not only dependent 


on size. 
In the present work we attempted to elucidate the problem of the amount of ACh 


by studying the action on the m.p. of the end plate when cholinesterase was added 
to the surrounding solution. It is known that this substance causes selective break-down 
of ACh molecules. If cholinesterase penetrates into the region of the neuro-muscular 
junction, then one might expect a clearcut answer to the problem of the amount of ACh. 


In fact, in the case in which the amount consists of one molecule, cholinesterase can 
only destroy it completely and this would lead to reduction in the m.p. frequency 
without change in amplitude. If the amount of ACh consists od many molecules, 
then with a sufficiently low concentration of cholinesterase part of each portion of ACh 
will be destroyed and the amplitude of the m.p. will fall without a change in their fre- 


quency. 


METHODS 


The experiments were carried out on the sartorius muscle of autumn Rana temporaria 
and Rana ridibunda. To record the potential, glass microelectrodes were used (with 
a tip diameter of 0-2-1 u and a resistance of 50-10 MQ) filled with a solution of 3 M 
KCl. The recording electrode was connected to a cathode follower and an a.c. ampli- 
fier of the D type. The potentials were recorded by means of a loop oscillograph of 
the MPO-1 type or a cathode cray oscilloscope of the ENO-1 type (photography from 
the screen). 

For the investigation of the m.p., fibres were selected which were in a good state, 
as shown by the value of the membrane potential +90 mV. 

The region of the end plate was usually found by gradual movement of the micro- 
electrode along the fine nerve. In the final choice of the site within the assumed region of 
the end plate, the most suitable was considered to be that in which the m.p. being 
recorded had a frequency of not more than 2-10 per sec and a characteristic pointed 


shape (Fig. 1). The m.p. were usually recorded intracellularly. 


Fic. 1. Spontaneous activity of frog neuro-muscular junction at 


In the experiments we used crystalline cholinesterase issued by the Kashintsev 
Biological Factory of the Biological Industry Combine of the U.S.S.R. Ministry of 
Agriculture. The initial activity of the preparation was about 100 units per mg (one 
unit of activity splits 1 mM ACh per hr at pH 8-4 and a temperature of 38°). Cholines- 
terase was dissolved and diluted in Ringer’s solution to a concentration of 100-500 
units per ml. During the experiment this solution was added in small portions of 0-05- 
0:15 ml to the Ringer’s solution (3-5 ml) in which the muscle was immersed. Thus, the 
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cholinesterase activity in the working solution (A,,) was from 2-150 units per ml. It 
is possible to make a tentative calculation of the number of ACh molecules which may 
be destroyed in these conditions in the region of the end plate. We shall take the volume 
V,, of this region ~ 1 w*, the duration of the action of the preparation on a single micro- 
potential t = 1 msec. For small reductions in the amplitude of the micropotentials 
the amount of ACh destroyed in millimoles will be for (A,, = 2 units per cm’): 


_mM 


x 10-2 ml x 2:8. 10-*hr x 5-10-!® mM 
ml. hr 


However, bearing in mind that the pH of the medium was not 8-4 but about 7:3 
and the temperature during the experiment was 20° and not 38° 


N = 10- mM-10-7° mM 


Hence, for an activity of 2 units/ml 10-100 ACh molecules may be destroyed and 
for 150 units/ml 500-5000 molecules. The figures may be overrated owing to the 
impeded diffusion of cholinesterase in the region of the end plate. 


RESULTS 


The action of cholinesterase resulted in a reduction in the amplitude of the m.p. 
This change was usually observed at once or 1-5 min after the addition of cholinesterase. 
The “latent” period possibly depends on the variable rate of increase in the local 
concentration of cholinesterase in the most sensitive region of the post-synaptic mem- 
brane. Further addition of cholinesterase solution caused a further reduction in the 
m.p. amplitude. With a sufficiently high concentration of cholinesterase it was possible 
to bring about complete disappearance of the m.p. The extent of the change in ampli- 
tude on addition of working solutions of cholinesterase of identical activity veried 
for the different fibres. Thus, in a number of experiments the first introduction of the 
cholinesterase aliquot (activity = 2-15 units/ml) produced a rapid (within 1 min) 
reduction in the m.p. amplitude by 12-30 per cent (one of the examples is shown in 


Fig. 2, b) and within 3-5 min by 35-50 per cent. In these cases almost complete disap- 


pearance of the m.p., i.e. reduction in their amplitude to the level of noise, was brought 
about by a working solution the activity of which was ~85 units/ml. In other experi- 
ments, in order to reduce the m.p. amplitude by 50 per cent it was necessary to add 
several portions of the cholinesterase solution to give a total activity in the solution 
of about 140 units/ml; the m.p. amplitude could be reduced to the level of noise in this 
case only in solutions with an activity of 250 units/ml. Change in the m.p. amplitude 
could not be connected with any damage to the preparation since after removal of the 
cholinesterase by quite prolonged washing with Ringer’s solution spontaneous activ- 
ity was restored to the normal level (Fig. 2, d). Moreover, it was possible during 
one experiment repeatedly (up to 3 times) to obtain the effect of cholinesterase solution 
on one and the same end plate, reducing the m.p. to the level of noise and again restoring 
the values after removal of cholinesterase. 
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ImV/ 


Fic. 2. Change in amplitude of miniature potentials (m.p.) due to cholinesterase (a) normal m.p.; 

(b) m.p. 1 min after introduction of cholinesterase solution (cholinesterase activity in solution surrounding 

muscle 14 units/ml); (c) m.p. 2 min after further addition of cholinesterase (cholinesterase activity 

of working solution. 80 units/ml); (d) restoration of normal m.p. amplitude after prolonged washing 
with Ringer’s solution. 


OSmsec 
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Fic 3. Increase in frequency of m.p. due to cholinesterase. (a) normal m.p.; (b) m.p. 10 min after in- 

troduction of cholinesterase (cholinesterase activity in solution surrounding muscle 25 units/ml); (c) 

m.p. 2 min after further addition of cholinesterase (activity of solution 110 units/ml); (d) after 5 min 
(complete disappearance of m.p.). 
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However, no clearcut answer to the problem of the size of the ACh portion release 
could be obtained, since cholinesterase sometimes caused not only a reduction in ampli- 
tude but an appreciable increase in the frequency of the m.p. (Fig. 3(b)) and (c)). 
Although we failed in any of the experiments to detect a reduction in the m.p. frequency 
which could be taken as evidence of the action of a unimolecular portion of ACh, 
it is still doubtful whether this effect is masked by simultaneous increase in frequency 
through the action of cholinesterase on the presynaptic membrane. However, an ar- 
gument against such an assumption is that the change in amplitude and frequency of 
the m.p. did not appear simultaneously; an increase in frequency if it occurred, appeared 
usually against a background of reduced amplitude. 

Thus, the effect of cholinesterase on the m.p. of the end plate apparently is more 
complex than has been hitherto supposed. Nevertheless, the fact that in all the experi- 
ments only a reduction in the m.p. amplitude was observed under the action of choline- 
sterase and never a reduction in frequency provides quite convincing arguments in favour 
of the postulate of the multimolecular composition of the small amounts of ACh 
producing the m.p. 


CONCLUSIONS 


(1) A reduction in the amplitude of miniature potentials by cholinesterase intro- 
duced from without was detected. 

(2) The frequency of the miniature potentials in the presence of cholinesterase 
either remained unchanged or increased. 


(3) The results support the view that the portions of acetyl choline causing the 
appearance of miniature potentials consist of many molecules. 
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IN the last few years in the literature a great deal of information has been published 
indicating the major importance of acetylcholine and cholinesterase in the conduction 
of excitation in nerve fibres. Summing up the experiments, Nachmansohn argues that 
the spread of excitation along the nerve occurs along the following lines: the local 
current between the excited and adjacent parts of the nerve causes the breakdown of 
an acetylcholine-protein complex; the free acetylcholine interacts with the protein- 
receptor of the membrane, which leads to increased permeability to ions and the ap- 
pearance in the given part of the nerve of an action potential. 

A large number of investigations have been carried out to demonstrate this hypoth- 
esis in which the nerve trunks of crabs, cuttlefish, squids and frogs and also the electric 
organs of fish have been treated with anti-cholinesterase preparations [1-9]. Nachman- 
sohn and co-workers showed that acetylcholine does not penetrate the nerve membrane. 
Consequently, they used various inhibitors of cholinesterase and not acetylcholine 
itself [10]. In a recent paper Schoffeniels, Wilson and Nachmansohn presented infor- 
mation on the effect on crab and lobster nerve trunks of substances which are fat- 
soluble analogues of acetylcholine. The administration of small concentrations of 
such substances blocks conduction [11]. 

The present paper reports the results of experiments aimed at investigating the 
effects of anti-cholinesterase preparations and certain other substances on the action 
potential and on the change in the electrical conductivity of the frog nerve on excitation. 
The work was done at the suggestion and under the constant direction of Professor 


Kh. S. Koshtoyants. 


METHODS 


The apparatus we used made it possible to record both the action potential of the 


nerve and the changes in its electrical conductivity at the moment of excitation (“imped- 


ance spike”), the sensitivity of the channel for recording changes in electrical conduc- 
tivity of the nerve giving 10 mm deflexion was +0-01 per cent. A detailed description 
of this apparatus has been given in paper [12]. A GRAKh type stimulator was used 
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to stimulate the nerve. Square pulses lasting 0-1 msec at a frequency of 40 c/s were 
applied. 

We placed the complete trunk of the sciatic nerve of a frog (Rana temporaria) in 
a polymethacrylate chamber and fixed it there. As the arrangement in Fig. 1 shows, 
the chamber is divided into five compartments. Compartment a has the stimulating 
electrodes, compartments c, d and e, one recording electrode each. After placing the 
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Fic. 1. Scheme of nerve chamber with stimulating and recording electrodes. Compartments denoted 
alphabetically. Stimulating electrodes in a I and II, electrodes for recording “impedance spike” ; I and 
III, electrodes for recording action potential. 


nerve in the chamber the apertures between the compartments were sealed with vaseline. 
Then compartments b, c and d were filled with Ringer’s solution and compartment 
e with isotonic KCI solution (to record the monophasic action potential). The recording 
electrodes I and II were used to record the “impedance spike” (the change in the electri- 
cal conductivity of the nerve at the moment of passage of the excitation wave found 
by balancing on the oscilloscope screen). Recording electrodes II and III were used to 
record the action potential. 

The test substances were introduced either into the compartment b or c. The nerve 
membrane in these parts was dissected with special dissecting needles under a binocular 
magnifying glass. 

The experiment was begun, 30 min after placing the nerve in the chamber, by de- 
termining the maximum strength of stimulation. Then, through a part of the nerve 
enclosed between the impedance electrodes (I, II) an alternating sinusoidal current with 
a frequency of 35 kc/s and a voltage of 100-200 mV was passed. After balancing the 


bridge, stimulation of supermaximum strength was given. The “impedance spike” 
thereby observed on the oscillograph screen was photographed. 


Then the action potential was photographed from the oscillograph screen; on the 
second oscillograph channel an alternating current of 5000 or 10,000 c/s was supplied 
as time marking. During the experiment the sweep speed was not varied. After establish- 
ing the background, the Ringer’s solution was replaced in the relevant compartment 
by a solution of test substance. Then, at definite time intervals (10, 20, 30 min, etc.) 
we photographed the “impedance spike” and the action potential. The procedure 
was the same in those cases in which the substance was washed out, i.e. replaced with 
Ringer’s solution. In the absence of any treatment during the experiments (3-5 hr) 
the amplitude of the action potential and the “impedance spike” changed by not more 
than 3-5 per cent of its original value. 
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Replacement of Ringer’s solution by solutions of the test substances made virtually 
no difference to the total resistance of the specimen. 

The following anti-cholinesterase substances were used: “62-C-47” (Welcome) (1:5- 
bis-(4-trimethylammonium phenyl) pentan-3-one diiodide) [13], phosphocol [14], decame- 
thonium and succinyl choline [14, 15]. For comparison we ran a few experiments with 
cocaine which does not exert any effect on cholinesterase but blocks conduction in 


the nerve [16]. 


EXPERIMENTAL MATERIAL 

Recording the changes in electrical conductivity of the nerve on excitation is, in 
practice, a direct indicationt of change in the permeability of the membrane in a state of 
activity. If the test substances acting on the structure of the membrane change its 
permeability, we should expect considerable change in the amplitude of the “impedance 
spike”. However, the amplitude of the action potential will change much less since 
it may be assumed as a first approximation that its value is a logarithmic function 
of the permeability. If the substance acts on any other links in the conduction chain, 
then changes in the amplitude of the “impedance spike” and action potential will occur 
more or less in parallel, chiefly through blocking of conduction in a number of fibres 


of the nerve trunk. 


Of the substances investigated the utmost interest attaches to 62-C-47 proposed 
by Bayliss and Todrick as a highly specific substance inhibiting only genuine cholines- 


terase [13]. However, these workers used this compound in work with a cell suspension. 
When applied to the nerve under the recording electrode I ina concentration of 1 x 10-2? M 
it was found that it acts very slowly; in 2-3 hr the amplitude of the “impedance spike” 
diminished by 50-70 per cent of its original value and the amplitude of the action 
potential by not more than 20 per cent. It seems to us that such slow action of the com- 
pound is connected with the poor permeability through the membrane of the nerve 
fibres since in structure it is a quartenary ammonium compound and in the literature 
there is information on the poor penetration of such compounds [10]. Despite this 
deficiency the effect of the compound is extremely interesting. Fig. 2 shows the photo- 
graphic records of one of the experiments with 62-C-47. It is clear from the figure 
that during the action of the preparation the amplitude of the “impedance spike” fell much 
more rapidly than that of the action potential. The amplitude of the “impedance spike” 
30 min after application of 62-C-47 had diminished by 30 per cent, whereas the amplitude 
of the action potential showed virtually no change. The same picture was also observed 
in other experiments. The results of a series of experiments are given in Table 1. 


As Table 1 shows, the compound in the first 30 min caused insignificant changes 
in the amplitude of the action potential though the amplitude of the “impedance spike” 
fell on average by 20 per cent of its original value. It may be supposed from these fin- 
dings that 62-C-47 primarily affects the permeability of the membrane of the nerve 
fibre, which leads to reduction in the ionic fluxes through the membrane on excitation. 
A similar effect may be associated with rise in the permeability of the membrane at 
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Fic. 2. Effect of 1x 10-*M 62-C-47 on “impedance spike” and action potential on application of 
substance to part of nerve c (under recording electrode I). 1, photorecording of “impedance spike” 
and action potential before application of substance; 2, 3, 4 and 5, records 30, 69, 90 and 120 min after 
application of 62-C-47; 6, record 40 min after replacing preparation by Ringer’s solution. Time marking 
0:2 msec. 


TABLE 1. CHANGES IN AMPLITUDE OF “IMPEDANCE SPIKE” AND ACTION 
POTENTIAL ON APPLICATION OF 1%*10-?M_ PREPARATION 62-C-47 

Time of action | Percentage change in amplitude 
Experiment 


a of substance, “Impedance 
No. 


oie spike” Action potential 
21 30 = 10 
41 30 
42 30 
43 30 
44 30 
45 30 
46 30 Increased by 8 
On average 30 
Note: preparation applied to nerve in zone c under record- 
ing electrode I at 20-21°. 
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rest or with deterioration of permeability at the moment of passage of the excitation 
wave. 

From the point of view of Nachmansohn this may be explained in the following 
way; 62-C-47 partially blocks cholinesterase, the free acetylcholine released on passage 
of the excitation wave increases the permeability of the membrane at rest and the flux 
of ions through it on excitation diminishes with a corresponding reduction in the “im- 
pedance spike”. 

The nature of the effect of the inhibitor 62-C-47 resembles the effect on conduction 
exerted by eserine, previously investigated by us [17]. 

The other compound used by us—‘‘phosphocol” is an irreversible inhibitor of 
cholinesterase [14]. Administration of this substance led to reduction in the amplitude 
of the “impedance spike” and the action potential. Application of 5 x10~* phosphocol 
to the nerve led after 10-15 min to diminution in the “impedance spike” on average by 
45 per cent and of the action potential by 15 per cent, i.e. greater reduction in the 
amplitude of the “impedance spike”. Replacement of phosphocol by Ringer’s solution 
led to appreciable restoration; the action potential in most cases was restored completely 
and the “impedance spike” up to 50-80 per cent of its original value. 

Probably phosphocol exerts an effect on conduction of excitation by acting not 
only on cholinesterase but on certain other links unknown to us and in the latter case 
its influence was reversible. To check this assumption in a number of experiments as 
well as applying phosphocol at the recording sites we applied it to the nerve in part 


b between the stimulating and recording electrodes. Experiments showed that the 


blocking effect of phosphocol develops much more slowly than its influence on the 
nerve in the recording zone. The amplitude of the “impedance spike” in the first 10-15 
min of the action of phosphocol fell on average by only 2 per cent and the action poten- 
tial by 4 per cent. This is clearly seen from Table 2 which shows the development in 
time of the action of phosphocol on the conduction of excitation. 


Moreover, with this experimental arrangement a more rapid drop in the amplitude 
of the “impedance spike” than in the action potential was never observed. This can 
also be clearly seen from Table 2 and Fig. 3 which shows the photographic records 
of one of the experiments. In this experiment phosphocol was first applied to the nerve 
between the stimulating and recording electrodes. Then, after washing out with Ringer’s 
solution phosphocol in the same concentration (5 x10~*) was applied to the part of 
the nerve under the recording electrode I. The incomplete restoration of the “impedance 
spike” after the action of phosphocol and the different results for the site of application 
of the substance are probably connected, as we have already noted, with the dual 
action of phosphocol on the nerve. It seems to us that the considerably stronger effect 
of the compound on the “impedance spike” was due to its anticholinesterase effect. 
This is to be explained along lines similar to the experiments with eserine and 62-C-47. 

The action of decamethonium and succinyl choline was outwardly similar to that 
of cocaine. Decamethonuim (3 10-2 M) applied to the nerve in the zone c reduced the 
amplitude of the “impedance spike” after 30 min on average by 27 per cent and the 
action potential by 12 per cent. Succinyl choline (1 x 10-2 M) in 30 min led to reduction 
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in the “impedance spike” on average by 23 per cent and the action potential by 11 per 
cent. Cocaine (5 <10~4) after 10 min gave a similar picture; the “impedance spike” 
dropped on average by 37 per cent and the action potential by 18 per cent. 


A 


, 


—~ 
vs 
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\/ 
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Fic. 3. Effect of 5 10-* phosphocol on “impedance spike” and action potential of nerve. 1, photo- 

records before application of substance; 2 and 3, records 20 and 30 min after application of phosphocol 

in nerve zone b (between stimulating and recording electrodes); 4, record 30 min after replacing phos- 

phocol by Ringer’s solution; 5 and 6, records 10 and 20 min after applying substance in zone c (under 

recording electrode 1); 7, record 25 min after replacing phosphocol by Ringer’s solution. Time marking 
0-2 msec. 
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TABLE 2. EFFect OF 5X10-* PHOSPHOCOL ON “IMPEDANCE SPIKE” AND ACTION POTENTIAL OF NERVE 


Phosphocol applied to nerve Phosphocol applied to nerve 


in recording zone c in zone 
Time of action 8 b = 


Experiment . ee : : j ‘ : 
No. ol substance, Amplitude of Amplitude of | Amplitude of | Amplitude of 
min “impedance action poten- “impedance action poten- 
spike”, % tial % spike”, % tial % 

83 

67 

67 

54 

42 


100 


On average 
800 


Note: amplitude given as percentage of initial value taken as 100. Experiments at 19-20°. 


Thus, all three substances caused a greater drop in the amplitude of the “impedance 
spike” than of the action potential. On applying cocaine in the same concentration 
to the nerve between the stimulating and recording electrodes (in zone b) the falls in 
amplitude were paralleled. On average, after 10-min action of cocaine the “impedance 


spike” fell by 48 and the action potential by 44 per cent. 


In our view there is little point in speaking here of the anticholinesterase action of 
the substances. Rather, they block conduction by influencing other links in the process, 
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and going by our results these links are connected with the ionic permeability of the 
membrane although this connexion does not stand out as clearly as in the case of sup- 
pression of the activity of cholinesterase by eserine and 62-C-47. 


DISCUSSION 


In conclusion, for a more graphic description of the substances investigated by us 
we present the composite Table 3. It gives the average figures for the change in the 
amplitude of the action potential and the “impedance spike” under the influence of 
the various substances. 

Table 3 shows that eserine and 62-C-47 gave considerable changes in the amplitude 
of the “impedance spike” whereas the size of the action potential was virtually unchanged 
or changed within the limits of the experimental error. Oh the other hand, on applica- 
tion of decamethonium, succinyl choline and cocaine such a difference in their effect 
on the “impedance spike” and the action potential was not observed although the 
amplitude of the “impedance spike” fell more. Phosphocol occupies an intermediate 
position between these two groups of substances. 


TABLE 3. CHANGE IN AMPLITUDE OF ACTION POTENTIAL AND “IMPEDANCE SPIKE” 
ON TREATING NERVE WITH TEST SUBSTANCES* 
Changes in amplitude | Changes in amplitude 
after 30 min, yA after 10-15 min, % 


Substance 
“Impedance Action “Impedance; Action 


spike” potential spike” potential 


Eserine 2x 10-3 M 18 
62-C-47 1x 10-? M 13 
Decamethonium 3 x 10-2 M 27 
Succinylcholine 1 x 10-? M 23 
Phosphocol 5 x 10-4 5 15 
Cocaine 5x 10-4 37 18 


*Table gives percentage change in amplitude of action potential and “impedance 
spike” at start of action of substance (mean values given). 


Thus, we see that the most specific cholinesterase inhibitors (eserine and 62-C-47) 
at the start of their action behave as substances chiefly influencing the permeability 
of the membrane of the nerve fibre. The second group of substances (succinyl choline, 
decamethonium and cocaine) exerted their action not solely through effecting the per- 


meability of the membrane. 

In the case of cocaine which is not an inhibitor of cholinesterase, this, from our 
point of view, was to be expected. As for decamethonium and succinyl choline the 
nature of their action of the nerve is not quite clear. The poor permeability through 
the membrane of the substances (as with the tetra-ammonium compounds) does not 
wholly explain the results since 62-C-47 does not penetrate readily. All that we may 
assume is that from their action on conduction in these experimental conditions these 
two substances cannot be classified as anticholinesterases. 
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Analysis of these findings shows that phosphocol possesses a dual character of 
action, being both an irreversible cholinesterase-inhibitor and an agent reversibly 


blocking conduction. 
In the latter case, its secondary action as a cholinesterase inhibitor as indicated by 
a number of workers [18, 19] is not manifest. 


CONCLUSIONS 

(1) The effect of a number of anticholinesterase preparations (62-C-47, phosphocol 
decamethonium and succinyl choline) on the action potential and change in the electrical 
conductivity of the nerve on excitation has been investigated. 

(2) Under the action of 62-C-47 the amplitude of the “impedance spike” fell during 
the first 30 min on average by 20 per cent with practically no change in the amplitude 
of the action potential. 

(3) With phosphocol, decamethonium, succinyl choline and cocaine (taken for 
comparison) as well as the considerable change in the amplitude of the “impedance 
spike”, chnges in the amplitude of the action potential were observed. 

(4) It may be concluded from these findings and the previously published experi- 
ments with eserine [17] that the specific inhibitors of cholinesterase—62-C-47 and 
eserine—act chiefly on the permeability of the membrane of the nerve fibre. 

(5) Decamethonium and succinyl choline (like cocaine) act not only on the per- 
meability of the membrane. It must thus be assumed that these substances do not 
display anticholinesterase activity in the given experimental conditions. 

(6) Phosphocol occupies a middle position. It seems to us that it acts both as an 
irreversible cholinesterase-inhibitor and as an agent reversibly blocking conduction 
of excitation. 

(7) It is apparently possible to make use of the combination of recording the 
action potential and the change in electrical conductivity of the nerve at the moment 
of excitation in order to find out whether a preparation inhibits cholinesterase in the 


conditions of the intact nerve trunk. 
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DETERMINATION OF THE SPECTRAL SENSITIVITY 
CURVES OF THE OPTICAL RECEPTORS OF NORMAL 
TRICHROMATES* 


N. I. SPERANSKAYA and N. V. LOBANOVA 
Vavilov State Optics Institute 


(Received 4 April 1960) 


1. THE available information on the spectral sensitivity of the retinal receptors of 
normal trichromates is based on measurements made for small visual fields. The greatest 
reliance can be placed on the findings of Yustova [1] obtained in experiments with 
dichromates on the basis of the I.C.I. combination function (1931) for a 2° visual field. 

Bongard and Smirnov [2] have proposed a new method for determining the sensi- 
tivity curves from the combination functions of the spectral colours for trichromates. 
The crux of their proposed method is that to find each of the sensitivity curves of the 
receptor two primary colours are selected in that portion of the spectrum where the 
sensitivity of the receptor sought is virtually absent (or is quite small as compared with 
the sensitivity of the two other receptors); the third primary colour is chosen in the 
range of sensitivity of the receptor and determines the choice of scale. In the present 
paper we attempt to obtain, according to this method, the curves of spectral sensitivity 


of the receptors of the eye of normal trichromates from the data for a 10° visual field 
recently obtained by Speranskaya [3] for 27 normal subjects. Our calculations 
are based on the system of monochromatic primary colours 645-2, 526-3 and 444-4 


mu, since the mean results of Speranskaya were expressed in this system. 
Table 1 shows the wavelengths of the monochromatic radiations which were selected 
as primary colours in finding the sensitivity curve of the first, second, and third 


receptors. 


* Biofizika 6: No. 4, 472-477, 1961. 
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TABLE | 


Receptor I Receptor II Receptor Ill 


Aa | Ae 


A fundamental factor was thereby revealed: the sensitivity curves of the second 
and third receptors are determined quite unambiguously depending little on the choice 
of the primary colours. As for the first receptor, the curve as determined has a very 
high scatter and so results of the same precision cannot be obtained in this instance. 
The scatter is due to the fact that the first receptor is determined from the blue part 
of the spectrum where the error of measurement is high and where the results of indi- 
vidual subjects differ a good deal owing to differences in pigmentation. 


7) 


A 


1 receptor 
Aa, Ay 
°400 430 
* 410 4640 





4 


600 Amu 





Figure | gives the sensitivity curves of receptors II and III and for receptor I shows 
different variants with different primary colours. The scale for all curves was so chosen 
that the areas confined by each curve were equal (in particular, equal to 100). 

In view of the difficulties in determining the sensitivity curve for the first receptor 
from average data, we adopted in our view, the sounder approach of determining 
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the curves for individual subjects by making use of the findings for Speranskaya’s 12 
most experienced subjects in colorimetric measurements. 

Conversion to the corresponding primary colours (see Table 1) was made from 
the primary colours of the three-colour colorimeter with which the subjects were 
investigated [3]. (For some subjects there were no findings for A = 400mu but there 
were measurements for A = 405 my). 


Uy 
10 








600 


Fic. 2. 


Figure 2 shows the extreme limits of variation of sensitivity of receptor I for one 
of the subjects obtained with different primary colours (six pairs of primary colours). 
These limits are incomparably narrower than the limits obtained with using findings 
for the average subject. Thus, application of the method to the individual subject 
allows a more accurate definition of the sensitivity of his first receptor. 

Figure 3 groups together the sensitivity curves of all 12 subjects. Here, it is plain 
that the scatter in the curves of the first receptor is greatest of all. To some degree 
this is due to the high error of measurement. However, it does essentially reflect 
the fact that the first receptor more strongly varies from observer to observer. 

Figure 4 (1) gives the average data (for the same 12 observers). It also gives the 
findings of Yustova [4] (Fig. 4 (2)). This comparison brings out a quite distinct differ- 
ence in the sensitivity curve of receptor II. The sensitivity curves of the receptors I 
and III differ comparatively little. 

The overrated values of our findings for receptor III in the region 500-540 may 
be explained by the participation of the rods which we disregarded in our calculations 
for the individual observer. 

Figure 1 shows the curve of receptor III determined from the averaged data for 27 
observers with corrections for the participation of the rods. It does not have the rise 
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of the curve in Fig. 4. The difference for the receptor III in the case of Yustova for 
i < 430 mu apparently must be put down to the fact that the LOC curves from 
which she made her calculations are underrated in this region [5]. 

2. Having at our disposal measurements of the coordinates of the colours of the 
spectrum for 4 experienced observers and for the second visual field [6] we found for 
them the sensitivity curves of the receptors applying the same method as Bongard 
and Smirnov. For these observers, curves vere also computed for the tenth field of 
vision [6]. The calculation could be made from averaged values because of the smallness 


and high homogeneity of the group and also the experience of the observers. 





700A™My 


Fic. 3. 


Figure 5 presents these curves again by comparison with the curves of Yustova. 
Except for the curve for receptor III, the findings for the 4 observers for the second 
visual field are in close agreement with those of Yustova. A minor divergence in the 


curves of receptor II although within the limits of error, still requires additional inves- 


tigation. The problem as to which of the sensitivity curves preference must be given 


is determined with practical application of these and other findings. For the region 
of 430 mu our curves for receptor LII both for the second and tenth field are higher 
than the curve of Yustova possibly for the reason that the data of the IOC in this 


region had. been inaccurately determined. 
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It may be noted that the method of Bongard and Smirnov does not give bad results 
in determining the sensitivity of the receptors for the individual observer. The primary 
spectral colours in which the conversion is made must, however, be measured with 
particular care. 

The new values of spectral sensitivity found in our work for the tenth and also 
for the second field are given in Table 2. The data for the second field though only 


obtained for 4 subjects are such as to warrant their practical application. 

In conclusion, we make the following proposal for finding the combination curves 
for the average observer (in any system of primary colours). 

1. It is necessary to determine the curves of spectral sensitivity from the results 


of measurement of the coordinates of spectral colours for each individual subject. 


TABLE 2 


Sensitivity of receptors Sensitivity of receptors for 2° field 


0-06 


‘92 
3:74 90 
2-09 500 
1-18 10 
0-82 20 
0-45 30 
0-13 40 
0-06 50 8: 11-06 
0-01 60 3 10-32 
70 8-93 
80 
90 5 3-93 90 
600 8-02 ? 600 
10 2 10 
20 5-73 : 20 


30 + 2° 0-2 30 


29 


> 
4 


0-06 
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2. The results are averaged and then from these averaged results conversion is 


made to any other system of primary colours. 
We wish to express our deep gratitude to G. N. Rautian for valuable indications 
in the work and A. M. Nikiticheva for numerous calculations. 
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METHODS AND INSTRUMENTS 


MICROSCOPE-SPECTROFLUOROMETER FOR THE ULTRA- 
VIOLET REGION* 


L.S. AGROSKIN and N. Y. KOROLEV 


(Received 12 July 1960) 


THE interest of the authors in devising an instrument for investigating the fluorescent, phosphores- 
cent and excitation spectra of biological specimens was stimulated by the definite advances made in the 
study of the luminescent properties of cyclical amino acids, complex proteins, vitamins and other biolo- 
gically important compounds (see, for example, [1—5]). Besides the intrinsic importance of the results 
of such research in elucidating the state and energy interrelation between molecules, it is essential to 
apply them to interpretation of the pictures obtained of the inherent fluorescence of cells and tis- 
sues [6]. The latter point is particularly important since it offers possibilities of quantitative assessment 
of processes in the cells in different functional states and different stages of pathological change. 
Concerned with designing apparatus for fluorometric analysis of pure substances in solution and 
powder form and of the individual structural components of biological preparations, we have devised 
a microscope-spectrofluorometer arrangement. The main features of the apparatus are listed below: 
(1) The principle of projecting the image on an opaque screen is the basis of the optical part 
of the arrangement which, besides ensuring the functions of excitation and recording, must ensure 
the possibility of observing the specimen with sufficient magnification and resolution for measurement 
of its individual parts. A concave aluminized mirror with an aperture in the centre acts as screen [7]. 
Such an arrangement of the visual system makes it possible to maintain continuous control of the 
specimen during measurements, thereby ensuring precise fixation of its image at the entry slit of the 


analysing monochromator. 


* Biofizika 6: No. 4, 478-485, 1961. 
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(2) For the excitation of fluorescence with short-wave ultra-violet rays of high intensity, a double 
mirror monochromator is used with diffraction gratings giving low losses of light and negligible 
light scattering 

(3) To reduce the effect on the results of the scattered exciting light and also to eliminate the 
masking effect of fluorescence from parts of the micro objective when working with low apertures 
(down to 0.3) upper lateral illumination is used. 

(4) Provision is made for the possibility of photoelectric and photographic recording of the spectra. 

(5) A special chamber allows measurement of the luminescence spectra of the specimens at the 
temperature of liquid nitrogen. 

he device described was used to study the fluorescence of single microcrystals of cyclical amino 
acids and frozen preparations of nucleic acids and their components [8] and also the inherent fluo- 
rescence of animal tissues in normal conditions and after exposure to X-rays [9]. After making minor 
changes in the arrangement, the fluorescence excitation spectra of solutions of nucleic acids and nitro- 
genous bases were obtained [10]. 

Optical arrangement. The optical arrangement of the apparatus is depicted in Fig. 1(a). The image 
of the luminous body of lamp (1) is projected by a powerfull quartz condensor (2) on to the entry slit 
(4) of a double mirror monochromator (4-11) a description of which will be given below. The exit 
slit of the monochromator (11) is focused by means of crystalline quartz lenses (12, 14) and a flat mirror 
(13) on the plane of the specimem (15). The microscope objective (16), the concave mirror (17) and 
the optical tube with the objective (18) and eyepiece (19) make up the microscope. Lens (14), joined 
to the objective, is so set that when the microscope is focused, the exit slit of the monochromator is 
projected on to the preparation. The relative aperture of lens (14) is 1:2. The angle between the axis 
of the cone of the exciting rays and that of the micro-objective is about 45°. 

The micro-objective (16) produces an enlarged image of the specimen in the plane of the aluminized 
mirror (17). The mirror is so inclined that the rays reflected from it are directed to the optical tube 
which serves for inspection of the image localized on the mirror surface. In the centre of the mirror, 
the aluminium layer is removed from a small rectangular area (in Fig. 1(a) this is arbitrarily indicated 
by a hole in the mirror). Therefore, the rays falling on this area are not reflected and pass through to the 
recording system. In the visual field (Fig. 1(b) ) the operator sees against a background of the spec- 
imen a black strip or slit. The light that passes through the slit comes from that part of the prepara- 
tion, reflexion of which in the plane of the mirror (17) coincides with the slit. 

The slit in mirror (17) is the entry slit of the analysing monochromator which also contains a flat 
diffraction grating (21), a concave mirror (22) and an exit slit (24). The right-angled prism (20) serves 
only to alter the direction of the course of the rays. Behind the exit slit (24) a photoelectric receiver (25) 
is set up. Change in the region of the spectrum being recorded is effected by turning grating (21) according 
to a calibration diagram. The dispersion of the monochromator in the plane of the exit slit is 5 mu/mm. 

Phosphorescence is excited by a similar monochromator for which the slit in mirror (17) acts as 
exit slit. The illumination system in this case consists of illuminator (27-29), the entry slit (30), grating 
(31), mirror (32), the inclined light-dividing plate (33) (taken out of the path of the rays during work 
with the lower monochromator), the exit slit and the micro-objective (16). The plate (33) is made of 
quartz and has an interfering layer, reflecting the greater part of the rays of wavelength shorter than 
300 mu and transmitting longer waves [11]. Use of such a plate gives a great energy gain since the 
exciting light and the phosphorescence are separated virtually without loss. The exciting light is cut 
off by an extremely simple modulator (34) with rotating discs with controllable sectors. The modu- 
lator for the selected frequency alternately opens and closes to allow passage of light from the source 
to the objective and from the objective to the receiver. 

For work in transmitted light, condenser (35) of crystalline quartz is used. The light in it is directed 
from the monochromator by mirror (36). 

The scheme is designed for use with SFD-120A or DRSh-100 mercury lamps as sources of exciting 


light. The former lamp is preferable because of its high stability but it has lower intensity. For exci- 


tation of luminescence of weakly fluorescing specimens, lamp DRSh-100 is used exclusively. 
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The whole arrangement excepting the illuminators, the double monochromator and receiver, 
is mounted on a plate on the bracket of a MS-51 comparison microscope. One of the two stages of the 
microscope is removed and the second brought to the centre of the holder. The stage has coarse and 
micrometer controls for focusing the microscope. 


Monochromators. In all the monochromators used in the instrument, the flat diffraction grating 
(Echelette) having 1200 rulings/mm concentrates the light in the ultra-violet region of the first order 
and works with convergent beams. Such an arrangement proposed by one of us [12] allows one to 
confine oneself to a minimum number of reflexions with maintenance of sufficient resolving power. 








Fic. 1. a, Basic optical circuit of microscope-spectrofluorometer for ultra-violet region. b, view of 
visual field with cytosine microcrystals; black rectangle in centre is the slit. 
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Aperture A = 500 my | A = 250 mu 


U = 2°40’ 1-77 0-81 
U 1°20’ 0-45 0-14 


A peculiar feature of the operation of the grating in such conditions is that it introduces appre- 
ciable aberrations of which the most important are the positional chromatism, spherical aberration 
and coma. To assess the extent of the dispersion of the monochromatic spectral line it is possible to 
inspect the conditions of focusing the diffracted rays. Geometrical construction leads to the following 
formula for calculating the position of the focusing plane: 

LsinU-cos @ 
cos (0, + U)-sin (@ — 9). 

Where L’ is the distance from the grating to the focusing plane of the diffracted rays; L is the distance 
from the grating to the focusing plane of the incident rays; U is the aperture of the incident beam 
©,, the angle of incidence of axial ray; 9) the angle of diffraction of the axial ray; 9 the 

angle of diffraction of the extreme ray forming with the axial the angle U. 

The dispersion A? is then determined from the formula 
; AL 
An = | 

a « 


* d-sinU, 


where AL’ is the distance between the focusing planes of rays forming angles U and —U with the axial 


1 
ray; L’ is the mean position of the focusing plane for these two rays; d is the grid constant, +7, mm. 


The table gives the values of AX in mu for an arrangement with the parameters L = 600 mm and 
8° for different % and U. 
igure 2 gives 5 photographs of a portion of the mercury spectrum obtained with different aper- 
l 
As can be seen, even with a numerical aperture of >, two lines differing by 2 mu are resolved. 


‘tion in the aperture the resolving power rapidly increases and for an aperture of lines 
100 

ence in wavelenght of 1 A are separated. 

1 

20° 


permits separation with sufficient purity of the spectral zones both on excitation and recording 


In practice, in the operation of the monochromator with the microscope sine U does not exceed 


of fluorescence and during absorption measurements. 

The scattered light which is inevitably present in any monochromator is especially undesirable 

in an excitation monochromator since with low luminescence of the specimen, it may cause a false 

The permissible intensity of the scattered light as compared with the primary light is 10~* per 

simple monochromator cannot satisfy this requirement. Therefore, the double excitation mono- 
romator shown in Fig. 1(a) was constructed. 

It consists of two flat gratings (6, 10), two concave mirrors (7, 9) and three slits (4, 8, 11). The 
monochromator is intended for work with an illuminator having a diameter of 30 mm and set up 30 mm 
away from the entry slit. Lens (5) is the collector, it is in the conjugate plane of the diaphragm of collec- 
tor (3) and the surface of the grating (6). The relative aperture of the monochromator on the entry side 
is 1:10. After mirror (7) the image of the ‘spectrum is in the plane of the intermediate slit (8) which 
by a second monochromator is imaged on to the exit slit (11). The gratings are so arranged that if 
one of them forms the spectrum, then the second unites the rays of different wavelengths which have 
passed through slit (8). 
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The spectral composition of the emission from the monochromator for constant exit and entry 
slits is determined by the width of the intermediate slit (8). By regulating this width the composition 
of the exciting light can be varied. Change in the region of excitation is achieved by turning the gratings 
to different sides through uniform angles. 

Attenuation of the flux of the emission entering the monochromator depends on the energy char- 
acteristics of the gratings and the quality of the aluminium surface of the mirrors. Calculations show 
that in the region 240-248 my. about 10 per cent of the light entering passes out of the monochromator 


S769 5788°90 


a 
Fic. 2. Photographs of portion of mercury spectrum taken with grating working in convergent beam 
with variable aperture U. 1, sin U = 1/100; 2,sin U 1/70; 3, sin U = 1/40; 4, sin U = 1/30; 5, sin 
U = 1/20. 
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Comparison of the intensity of the scattered light with the intensities of the exciting lines of the DRSh- 
100 lamp shows that the background level does not exceed 10-° per cent. 

Recording. The emission receiver is an FEU-18 or FEU-46A antimonycaesium photomultiplier 
with a “uviol” window fed from a VS-16 stabilized high voltage rectifier. The signal from the multiplier 
is amplified by an EMU-Z industrial electrometer amplifier and is measured with a mirror galvano- 


meter with a sensitivity of 10-* A/mm/m. 


The errors in measurement are due in the main to variations in intensity of the source. Working 
with the SVD-120A lamp switched on through a EPA-58 ferroresonance voltage stabilizer, constancy 
of the signal is ensured with an accuracy of 2-3 per cent. For the DRSh-100 lamp, supplied with stabi- 
lized voltage, the fluctuations in signal are of the same order as when the luminescent core does not 
change its position in time. However, the latter condition is not fulfilled for all lamps of this type and 


therefore, the most suitable lamps must be selected. 


Fic. 3. Photograph of fluorescence spectrum of the enzyme deoxyribonuclease. 
Excitation in region 240-248 mu. “MZ positive” film, exposure 10 min. Numerals 
indicate wavelengths of mercury spectrum. 


For calculation of the energy distribution of the emission spectra of the test specimens, the relative 
spectral sensitivity of the system (microobjective-analysing monochromator-—photocathode) was 
measured by means of a calibrated ribbon lamp the luminous body of which was projected in the field 
of the microscope. 

For photographic recording of the spectra instead of an exit slit (24), the camera (26) was inserted. 
In the path of the rays between the mirror and the camera, a thick quartz plate (23) is inserted which 
can be turned round the horizontal axis. As the plate swings the position of the spectrum on the film 
alters in height and therefore on the same frame the spectrum of the sample and the mercury lines 
serving aS wavelength references can be successively recorded. To obtain the mercury spectrum the 
SVD-120A lamp is used, the light of which is sent directly to the analysing monochromator (not shown 
in Fig. 1(a) ). 

The spectra of certain proteins and other substances of biological origin were photographed. 
One of them is given in Fig. 3. However, experience shows that exposures for filming with suitable 
photographic materials take a matter of minutes and that during this time appreciable photochemical 
changes may occur in the specimen as a result of the powerful ultra-violet irradiation. Therefore, most 
of the measurements were carried out photoelectrically. The photographic method may be useful 
in investigating weakly fluorescing photostable objects and also in recording phosphorescence. 

It may be assumed that in view of the high sensitivity of the native preparations to irradiation 
the most suitable technique is the pulsed excitation and recording, now being developed by the au- 
thors 

Cooling device. For deep cooling of the preparation for spectral measurements a cooling device, 
the design of which is shown in Fig. 4, was constructed. The elements of the construction are as follows: 
copper rod (9) on the polished end of which the preparation (11) is placed; nut (4) knurled to increase 
the cooling surface; a thin ebonite box (10) on the top of which is slipped a polymethacrylate cover 
(3); with a thin plate of crystal quartz (2) closing the aperture in the cover; a Dewar flask (6) contain- 
ing liquid nitrogen or oxygen (8) and a wooden base (7). The box, together with the rod is set on the 
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Stage of the microscope (5) at the site of the hole in the stage. The distance from preparation (11) to 
plate (2) is so regulated as to ensure the necessary focusing of the micro-objective (1). 


The main difficulty encountered in designing such devices is elimination of condensation from 
the specimen on the protective windows. In this case, this problem is solved as follows. At the begin- 
ning of the experiment all the moisture within the box is condensed on the surfaces of the metal rod 
and nut which, because of their high thermal conductivity are cooled first. Because of the presence 
of paste at the points of attachment of the lid and the box and the quartz plate and also the rod with 
the box, humid external air cannot get into the chamber. The sweating on the external surface 
of plate (2) and also possible sweating on the frontal lens of objective (1) is removed by blowing 
heated air between them by means of a fan (12). 


heap 
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Fic. 4. Design of chamber for cooling microspecimens. 


METHODS 
The operating conditions depend on the type of measurement intended and the nature of 
the specimens being measured. Details of individual techniques have already been considered 
[8-10] and will be further examined when the results of particular investigations are described. Here 
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we shall only refer to the basic techniques of microspectrophotometry which depend on the aggre- 
gate state of the specimen, its size, position and intensity of the absorption and luminescence 
bands and the reaction of the specimen to irradiation. Sometimes a very important factor in relation 
to biochemical preparations is the amount of substance for analysis. 

Dry preparations when investigated in incident light are placed on a polished plate of dark 
glass, for example, UFS-3, which produces a dark background and does not fluoresce. Investi- 
gation of solutions is done in cuvettes which in a special holder are fixed on the microscope 
stage and illuminated from below. The volume of each cuvette in our work was 0-085 ml. The 
cuvette is a hollow glass cylinder 3 mm high sealed with acrylic cement to a flat base which is a plate 
of crystal or annealed fused quartz with weak inherent fluorescence on shortwave excitation. 
A much thinner quartz plate is used as a cover. 

In order to avoid detrimental fluorescence of the details of the microspecimen when working 
in transmitted light, the top of the cuvette is covered on the inner side with a 1-5-2 wu layer of tita- 
nium dioxide (TiO,). This layer has a steep transmission boundary at 300 my and therefore absorbs 
all shorter radiation. It is clear that use of such a filter is effective whenever the excitation and emis- 
sion spectra are located on different sides of the emission boundary of the filter. The latter is 
characteristic of most fluorescing biological compounds. 

On excitation with the 313 mw region it is desirable to place at the exit of the analysing mono- 
chromator a filter cutting out the exciting light. The most suitable for this purpose is VG-23 
Schott glass 2 mm thick. 

All the remarks made with regard to photometry of solutions also apply to cytological specimens 
which must be prepared on slides of non-fluorescent quartz and have as cover slips TiO, plates 
(when using objectives with a low aperture, interference phenomena appearing in the fine film of ti- 
tanium dioxide must be taken into account in measurement of the fluorescent spectra). 

The size of the area to be photometered in the specimen is determined by the size of the 
mirror slit and the magnification of the objective. The minimum size of this area depends on the 
luminosity of the specimen and the sensitivity of the recording arrangement. In most experiments 
we used a quartz-fluorite micro-objective (100-2) and a mirror with a slit, 2°5x0-4 mm. In the 
plane of the specimen this defined a zone of 0-01 mm?*. Experience with higher magnification is 
as yet too scanty to allow of any conclusions on the limits of sensitivity of the system. 

If the specimen changes its properties as a result of irradiation during measurements, then the 
time of irradiation must be critically reduced. The simplest way to do this is with a photoshutter 
which ensures uniform short exposures during the entire cycle of measurement. The mirror galva- 
nometer in this case works as a ballistic arrangement. 


In recording the excitation spectra the receiver is set up directly behind the microscope objective. 


SOME RESULTS 


The first experiments with 20 amino acids in powder form were carried out photographically. 
They confirmed known information to the effect that only cyclical amino acids—tyrosine, trypto- 
phan and phenylalanine—have appreciable ultra-violet fluorescence on excitation in the 240-248 mu 
region. Measurements of dried preparations of such proteins as trypsin, «-amylase, egg albumin, 


casein, peptone, globin, chymotrypsinogen and deoxyribonuclease, showed their spectra to be similar 
to that for tryptophan. This is also in agreement with the idea that in proteins containing trypto- 


phan the latter is the main emitting centre. 

2. Inherent fluorescence of animal tissues was investigated before and after X-ray exposure in 
order to detect the early changes in the chemical composition of tissues on irradiation. (The work 
was carried out together with M. N. Meisel’, A. V. Gutkina and I. D. Khan-Magometova.) The 
measurements were made photoelectrically in sections or homogenates without reference to the 
tissue configuration. It was shown that the fluorescence spectra of blood and tissues of various 


rat organs having a protein character differ little. The spectral composition of the emission did 
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not change as a result of irradiation. However, the intensity of the fluorescence of blood from 
the haemopoietic organs appreciably increased. The brightness had increased 4 hr after irradiation 
by 20-50 per cent [9]. 

3. Measurements made at the temperature of liquid oxygen show that dry specimens of nitro- 
genous bases, nucleosides and nucleotides possess characteristic luminescence spectra and _ that 
the spectral curve of nucleic acid is the envelope of the spectra of its components (the work was 
carried out together with M. N. Meisel, I. S. Kulayey and N. A. Pomoshchnikova). It was also 
noted that the spectra of RNA and DNA differ and that this difference is usually due to difference 
in the spectra of the uracil and thymine components. The spectra of high-polymer RNA specimens 
from tobacco mosaic virus and DNA of chick red cells displayed a fine structure in the form of 
three peaks which vanished on irradiation and also on prolonged storage of the specimens [8]. 
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Fic. 5. Fluorescence excitation spectra. 1, adenine; 2, guanine; 3, acid without pyrimidines; 4, high 
polymer yeast RNA; 5, high polymer thymus DNA. Dotted line gives fluorescence excitation spectrum 
of the bacteria E. coli. Ordinates, intensity in arbitrary units. 


4. Figure 5 presents the excitation spectra of the purine bases, nucleic acids and DNA without 
pyrimidine bases in a solution of 0-1 N HCI. (The work was done together with I. S. Kulayev and 
M. A. Pomoshchnikova). Solutions of pyrimidine bases as with DNA without purines did not possess 
appreciable fluorescence. Comparison of the excitation curves entitles one to consider that the 
fluorescence of nucleic acid solutions in an acid medium is due exclusively to the fluorescence of the 
purine bases — chiefly guanine and, to a lesser degree, adenine. This is also indicated by the fact 
that the fluorescence spectrum of nucleic acids virtually repeats the guanine spectrum [10]. 

For experimental purposes the excitation spectrum of a smear of E. coli was also taken. As Fig. 5 
shows, the excitation maximum lies in the region 280 mu, characteristic of protein. 
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Tue literature contains descriptions of several automatic devices for producing microelectrodes [1-5]. 
As is known, the essential feature of intracellular microelectrodes, together with a low tip diam- 
eter is sufficient curvature which is necessary for reducing the ohmic resistance of the electrode 
and imparting stability to it, etc. The method for achieving this is as follows. The original glass 
tube heated to a definite temperature is stretched, at first slowly and then at a definite moment 
jerked with considerable force. In all the arrangements described, this jerk is produced by a solenoid 
pulling on the armature fixed on the mobile part of the automatic device. The more rapid the jerk, 
the sharper, in general, will be the tip of the electrode. Acceleration of the armature can be 
increasing the strength of current in the solenoid winding. However, it is not always 


raised by 
certain technical difficulties. In the automatic device of Winsbury [2] 


convenient and _ involves 
the acceleration reached 7 g. 

In the arrangement described below another method of obtaining the jerk was used—by means 
of a sharp blow on the moving part of the automatic device. This procedure makes it possible, 
on the one hand, to simplify somewhat and facilitate design of the automatic device and, on the other, 
to achieve a considerably more rapid jerk and consequently, greater curvature of the microelec- 


trode. 


LAYOUT AND WORK OF THE AUTOMATIC DEVICE 


Figure 1 shows a photograph of the automatic device. As the figure shows, its design has much 


in common with apparatuses of the vertical type [2, 5]. 
The automatic device works as follows. A glass capillary (1) is held by two clamps of which 
the upper one (2) is rigidly fixed on the upper platform and the lower (3) on an adjustable coup- 


* Biofizika 6: No. 4, 485-489, 1961. 
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ling rod (4). The capillary passes through a platinum loop (P) between the clamps. On closing 
the key (circuit Fig. 2, K,) the platinum loop incandesces and heats the capillary which under 
the weight of the coupling 10d and the additional load (5) starts to stretch slowly. Moving down- 











RandB 
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Fic. 1. General view of automatic device. The photograph does not show the autotransformer serving 
g g 


to regulate the incandescence of the loop, the stepdown transformer or the incandescence switch-on 


key. In the right lower corner, the match box gives idea of the size of the device. The letters denote 
the parts of the electric circuits corresponding to the notations in Fig. 2 and the numerals the mechanic- 
al parts. For details, see text. 


20 uF; 150V 








Fic. 2. Diagram of electric circuits of automatic device. For notations, see text. 
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wards, the rod with its upper flange (6), closes contact K, thus operating relay R. Washer (7) 
under the pressure of spring (8) is released from the stop (9), moves down the aligning tube (10) 
and strikes the middle flange (11) rigidly connected to the rod. As a result, the rod, together 
with the lower clamp is given the sharp acceleration necessary to form the sharp tip of the elec- 
trode. Dropping, the lower end of the rod automatically switches off the incandescence of the plati- 
num loop (switch K;). Two electrodes are obtained at the same time fixed respectively in the up- 
per and lower clamps. The shape of the tips of both electrodes is completely identical, they differ 
only in the length of the connecting neck: the upper a short one, the lower, with a long neck. 
After removal of the finished electrodes a capillary tube is forced downwards through the upper 
clamp, the end is fixed in the lower clamp, the spring with the washer is put in the original position 
ind the automatic device is ready for the next cycle. 

Of a number of details of the construction, the following are important points for the normal 
work of the automatic device. 

(1) It is necessary that rod (4) moves quite easily in the vertical direction with no horizontal 
slack. This is achieved by fixing it at two levels in ball-bearing units (12). Each unit consists of 3 ball- 
bearings with their axes horizontal. It is particularly important to eliminate horizontal shift at 
the moment when the washer strikes the flange in order to avoid bending the tip of the micro- 
electrode. 

(2) The upper clamp is fixed on the upper platform of the stand with a locknut. If it has to be 
centred with the rod after unscrewing the locknut, it must have some mobility in the horizontal 
plane. 

The up 
by splinters of glass 
(4) The closing contact for relay K, can be moved upwards and downwards along axis (14) 


to regulate the length of the neck of the lower electrode. 


(5) The platinum loop, made up of 1-5 turns of wire with a section of 0-3 mm, is fixed on 
holder (15) and can be readily moved in all three directions. Before switching on it is necessary 


to make sure that the capillary is in the centre of the loop. The diameter of the loop is 2-2-5 mm. 


(6) Load (5) freely lies on the lower flange of the adjustable rod. With sharp acceleration of the rod 
(at the moment of striking) it comes away from the flange (since the acceleration of the rod is 


greater than gravity) and consequently, does not increase its total mass. 


(7) Spring (16) and the pieces of foam rubber under the middle flange of rod (17) serve to 
absorb shock when the rod falls with the lower electrode. Such damping helps to avoid bending 
of the entire neck of the lower electrode. 

Fig. 2 shows the arrangement of the electric circuits for the device. The automatic device is 
switched on by key K,. The autotransformer T, (LATR-2) serving to regulate the heating, is con- 

to the stepdown transformer T,, the secondary winding of which through contact K; is led 
up to the platinum loop P. In the lower position of the rod K, is opened. The closure circuit of the 
relay consists of rectifier B (DGTs-27) connected through resistance R, the reservoir capacitor C 
tact K,, closed by the upper flange of the rod when it moves downwards. 


and contact 


Capillaries of “Pyrex’’ glass with an external diameter of | 0-2 mm serve as the original 


starting blanks. They must have sufficiently thick walls (ratio of the internal to the external diame- 
ter ~ 1/2). Use of blanks with too thin walls leads to the tips of the microelectrodes becoming 
very brittle 

In manufacturing a whole batch of microelectrodes it is desirable to choose a few identical 
capillaries and to adjust the system of operating the automatic device for them. The latter con- 
sists chiefly in selection of the degree of incandescence: if underheated the capillaries snap without 


forming a fine tip, on overheating, they stretch into a continuous thread. 
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DETAILS OF THE MICROELECTRODES 


The shape of the tip of the microelectrode must be determined by a number of factors depend- 
ent both on the properties of the glass and the conditions of stretching. Thus, of basic importance 
are the type of glass, the relative thickness of the wall of the capillary, the temperature of the 
wall at the moment of rupture, the degree of acceleration and the law governing its increase etc. 
We tried to clarify experimentally the role of some of these factors. A few batches of microelec- 
trodes were made up with: (a) two different degrees of tension of the spring of the automatic 
device; (b) presence or absence of absorbing (rubber) packing on the middle flange of the rod 
struck by washer (11) in Fig. 1; (c) different relative thickness of the walls of the original capillaries. 
In the light microscope it is impossible to assess the thickness and shape of the electrode tips and 
hence, they were investigated under the electron microscope (this part of the work was carried out 
in the electron microscopy group of the Institute of Biophysics of the U.S.S.R. Academy of 
Sciences by V. L. Vorovyagin and M. S. Kuptsov to whom the authors wish to express their sincere 
gratitude). It was found that the degree of tension of the spring and also the presence or absence 
of an absorbing cushion make no appreciable difference to the shape and thickness of the tip. 
The differences between the electrodes in each batch exceeded the difference between the electrodes 
of different batches. Some such microelectrodes from different batches are illustrated in Fig. 3 (a). 
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Fic. 3. Microelectrodes prepared in different conditions of extrusion. (a) electrodes made from blanks 

with ratio of internal to external diameter = 1/3; (b) same with ratio of 1/2. Photographs taken with 

the electron microscope. Microelectrodes lightly dusted externally with chromium to conduct off 
from the glass surface the charge arising from the electron beam of the microscope. 


A much more important role is played by the relative thickness of the wall of the original blanks. 
The electrodes (Fig. 3(a) ) were made from blanks in which the ratio of the internal to the external 
diameter was 1/3. When this ratio was 1/2, the results differed substantially (Fig. 3(b)). The 
photograph on the left clearly shows the internal channel of the electrode indicating that the ratio 
1/2 is more or less retained up to the tip itself. The tips of the electrodes of this batch were appre- 
ciably thicker (0-1 u for the left electrode and 0-08 u for the right one). They are also sharper (the ex- 
ternal diameter is increased by 1 u over a distance of ~ 4) and closerto the tip the curvature in- 
creases. Use of blanks with even thinner walls (ratio of 3/4 and more) as already stated, results in 


the tips of the electrodes becoming very unstable. 


FILLING OF ELECTRODES 


From the time the first intracellular microelectrodes were used, the technique of filling them 
has been constantly improved and simplified. At first, microelectrodes were boiled in a solution 
of salts or in water [1, 2]. Then, to reduce the number of tips which broke on boiling, the procedure 
was adopted of first filling them with methyl alcohol (by boiling under reduced pressure) with 
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subsequent replacement of the methyl alcohol by a solution of salts [3, 4, 6]. A description has 
recently been given of the simplest of all the known methods not involving boiling and almost 
completely excluding fracture of the tips [7, 8]. 

This method is as follows. The tip of the electrode is immersed in 3 M KCI solution with 
the result that it is filled to a definite level by virtue of capillary forces. Then, into the wide end 
of the capillary a drop of distilled water is introduced. Thanks to the difference in vapour pres- 
sures of the salt solution and water, the vapours condense in the thin part and the meniscus slowly 
moves to the wide part of the capillary. After 1-2 days it has moved so much that the whole 
electrode can be readily filled with a pipette from the wide end. 

The method of filling used by us is very similar to that described. However, it apparently 
substantially differs in its mechanism. While the diameter of the electrodes elongated in the auto- 
matic device is 0-3 u and less (and such electrodes are in the majority), their tips do not fill however 
long they are immersed in salt solution (or in water). However, introduction of a drop of water 
into the wide end of the electrode leads to almost instantaneous filling of the tip irrespective of 
whether it is in water or in air. This process is readily observed under the microscope. It is clear 
that in the first moments the meniscus moves very rapidly but as it moves to the wider part of 
the capillary, the movement gradually slows down; if we now remove the water from the wide part 
of the capillary or break it below the drop the process is repeated in reverse—the meniscus starts 
with increasing speed to move towards the tip until the water has completely disappeared from 
the capillary. In electrodes with short necks the meniscus reaches the wide part of the capillary 
in 10-20 hr, after which it is readily supplemented with 3 M KCI from the wide part of the capil- 
lary. The electrode is then fixed in a vertical position with the tip immersed in 3 M KCI and 
after 2-3 hr (necessary for equalization of the KCI concentrations) it is ready for use. Thus, the 
process of filling electrodes with short necks irrespective of the tip diameter lasts not more than 
a day. Electrodes with long necks are filled in the same way, the only difference being in the time. 
Depending on the length and thickness of the neck the process of filling of such electrodes lasts 
2-5 days. If it is necessary to accelerate it air bubbles can be conveniently extracted from the neck 
with a thin glass thread. 

The resistance of electrodes filled with 3 M KCI and measured in Ringer’s solution is usually 
30-50 MQ and does not depend on the length of the neck. In individual cases it reaches 200-300 
M 22, values of less than 15-20 M2 indicate partial breakage of the tip. 


CHECKING OF MICROELECTRODES 


The quality of the microelectrodes is assessed by checking their suitability directly in experi- 


ments. By means of microelectrodes prepared in the automatic device described above, two sets of 
experiments were carried out. The first was done by Liberman [9] and Shamarina [10] on the 
muscle fibres of crustaceans and frogs. For this work electrodes with long thin necks with high 


flexibility are suitable. Because of this property it was possible to record intracellularly the stable 
resting potential and action potential in the noncurarized contracting muscle over several hours. 


The other work refers to our experiments with intracellular recording of the response of the cells 
of the retina [11]. With electrodes with a resistance of 50-200 M 2 it was possible repeatedly (ad- 
mittedly for a very short time — for several tens of seconds or some minutes) to record the intra- 
cellular reaction of the ganglion, bipolar and horizontal cells of the frog retina. The diameter of 
these cells does not exceed 10 uw and therefore, it is not surprising that the reaction was recorded 


for such a short time. 
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LETTERS TO THE EDITOR 


STUDY OF THE VERY WEAK SPONTANEOUS 
LUMINESCENCE OF ANIMAL CELLS* 


B. N. Tarusov, A.I. Pottvopa and A. I. ZHURAVLEV 


(Received 10 February 1961) 


WE have previously reported on the detection of a very weak continuous glow in the visible and ultra-violet 


regions of the spectrum from the surface of the liver of live mice [1]. Light fluxes of the same order 
have been detected from muscle tissue in the green and blue parts of the spectrum and weaker 
fluxes in the region of longwave ultra-violet. This emission strongly increases after irradiation with 


ultra-violet or X-rays (Table 1). 


TABLE |. VITAL SPONTANEOUS EMISSION OF TISSUES 


Specimens Reading Background —_ 
(counts/min) (counts/min) 
Mouse liver 90-110 20-25 Peritoneal cavity opened 
Mouse liver irradiated with 

ultra-violet 140-160 20 
Mouse liver irradiated with 

X-rays, 600 r 140-160 20 
Mouse muscle 30-50 20-2 


It was established that this emission closely depends on temperature within the range from 
10-40°. With a drop in temperature of the organs to 20° it is almost impossible to detect emission. 
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This shows that the luminescence detected by us was due to chemiluminescence which, as is known, 
is chiefly observed in oxidative reactions. 

To discover the mechanism, the emission of some biosubstrates was studied. 

The substrates were placed in cuvette with double walls between which water circulated. 
The front wall was made of transparent quartz. The surface area was | cm*. The temperature 
could be maintained from 15-—80° with an accuracy of I 

Emission was recorded with a FEU-18 photomultiplier with a small photocathode and spectral 
sensitivity within the range of 3000-6000 A. The photomultiplier operates as a “‘quantometer” on 
deep cooling in liquid nitrogen. 

To increase the signal/noise ratio between the cuvette and photocathode, a quartz lens focusing 
the surface of the cuvette on to the photocathode was set up. The window of the photomultiplier 
was brought to the outside at the top of the Dewar vessel and thanks to this, absorption of the light 
flux on passage through the liquid nitrogen was excluded. Measures were taken to avoid condensation on 
the glass. The pulses from the photomultiplier were amplified and discriminated by a counting device. 


The sensitivity of the apparatus within the spectral range 4000-5000 A was 10-100 quant/sec. 


RESULTS 


We first studied the emission of homogenates of mouse liver immediately after killing. Grind- 
ing was rapidly done in a homogenizer followed by centrifugation at 20,000 r.p.m. 


TABLE 2. CHEMILUMINESCENCE OF SOME BIOLOGICAL SPECIMENS 


ee ee Temperature Background, Reading 
Specimens ‘ : 
C (counts/min) (counts/min) 


Homogenate (intact) 50 5-20 


Upper fraction of homogenate 5-20 

5-20 
Sediment -20 
Chick egg albumin 20 
Chick egg yolk 5-20 
Total of lipids extracted by ether from liver 50-60 280-340 
Ditto 60 62-72 
Total of lipids extracted by alcohol from 
liver 60 100-105 
Pooled ethereal and alcoholic fractions with 


1500-1600 


oxidized fats 


The results of these investigations (Table 2) show that the greatest chemiluminescence is ob- 
served in the upper part of the liver homogenate. Here are contained the free lipids and a small 
amount of protein. The sediment contains, in the main, protein, glycogen, etc. The findings indicate 
that, in the main, chemiluminescence in the liver homogenate is due to oxidation of the lipids. 

In vitro experiments show that the different lipids, oleic acid and the lipids extracted from 
the liver with ether, i.e. the free lipids, luminescence in the presence of air more intensely than 
other substrates. 

The intensity of luminescence of the biolipids is connected with intensity of oxidation. Study 
of the kinetics of luminescence of lipids oxidizing in air, established a parallelism between the in- 
crease in intensity of chemiluminescence and increase in the amount of lipoperoxide (Fig. 1). 

The yield of luminescence in this case was of the order 10-**. The temperature dependence was 


the same as for the rate of the oxidation reaction. E 20,000 Cal. 
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A high luminescence yield of the order of 10-1 was observed on mixing the lipids of the liver 
(alcohol and ether fractions) with lipids in the stage of active oxidation. Alcoholic and ethereal 
fractions, as established previously [2], contain a large number of antioxidants and therefore, the 
oxidation reaction is heavily inhibited. The high intensity of emission observed on mixing may be 
explained solely by the fact that there is intensive interaction between antioxidant and radicals and 
peroxides formed in the oxidation reaction in lipids. 


& 
Ss 


Emission (counts/min) 
S 
Ss 


= ' 1 i 

100 200 300 wE/g 

Fic. 1. Effect of degree of oxidizability of fat (olive oil) on the intensity of its chemi- 
luminescence at 60°. Abscissa, quantity of peroxide in micro equivalents per gram 
(uE/g). 








We studied the time course of this reaction. Fig. 2 depicts the change in intensity of emissions 
of the oxidized lipids (olive oil) on addition of the ether fraction (free lipids) of the liver. As can 
be seen, the reaction occurred] quickly and faded, producing total inhibition of the whole oxidation 
process. During this flash the intensity of luminescence rose by two orders of magnitude. 
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Fic. 2. Change in level of chemiluminescence and peroxide content of lipids after addition of ethereal 
extracts of animal liver at a temperature of 60°. 1, chemiluminescence of pure olive oil, counts/min; 
2, chemiluminescence of olive oil +0-5 % ethereal extract of mouse liver, counts/min; 3, quantity 
of peroxide of olive oil +0-5 % ethereal extract of mouse liver, wzE/g. Background 50-60 counts/min. 
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This reaction protects the structural elements of the cells against spontaneous oxidation. 
There is reason to believe that emission on interaction of the antioxidants and radicals and 
peroxides fromed in the cells is the main source for the very weak spontaneous luminescence we 


have described 
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ASPECTS OF ADAPTATION OF HEARING IN PERSONS 
WORKING IN NOISE* 


A. A. ARKAD’YEVSKII 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 12 March 1959) 


IN order to study the peculiarities of adaptative activity of the auditory analyser in persons working 
in conditions of noise we set out from the assumption that the height of thresholds of audibility 
to sound stimulation in such persons is lower thanin persons unadapted to noise. The biological 
value of this is reflected in a rise in the resolving power of the auditory organ on perception of useful 
sounds against a background of masking noise. Confirmation of these ideas by factual data was the 
object of the present work. 

In the literature cases have been described of accelerated restoration of initial hearing and high 
inhibition of the masking sound in persons with high audibility thresholds [1]. An increase in the 
tendency for the original (initial) activity of the auditory analyser to be restored on delivery of 
a sound of low frequency after measurement of the audibility threshold at a frequency of about 
2000 c/s has been detected [2]. In investigations of hearing in persons working in noisy and normal 
conditions no appreciable differences were noted in the perception of sound signals after 3-min 
action of noise with a uniform spectral distribution of frequency (“‘white’’ noise) with intensity 
of 100 db. It has been established that the value of the change in audibility thresholds against 
a background of noise stimulation does not depend on their duration. In other words, this value is 
uniform when investigating the sensitivity of hearing at different durations of the action of the noise. 
The value of the audibility thresholds during noise does not depend on the value of the audibility 
thresholds in silence [3]. The shift in the audibility thresholds occurring as the result of the appli- 
cation of a powerful adequate stimulus is considered to be the consequence of inhibiliton in the cen- 
tral nervous system [4]. An exponential type of curve of adaptative activity of the auditory analyser 
after the action of powerful ““white’’ noise of differing duration has been discovered [5]. 

Common to this work is that it was carried out on persons working in conditions of relative 
silence, i.e. not adapted to industrial noise. An exception is work where subjects working in noise 
and normal conditions were investigated. However, the dose of noise delivered as the stimulus by 
the authors of this paper was obviously insufficient to bring out differences in the response of 
the auditory analyser in different groups of observers. 
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For our investigation we took 2 groups of observers with normal hearing and a common state 
of health; one group worked constantly in conditions of “white” noise with a total intensity level of 106 
dB (7 persons); the other (5 persons) worked usually in conditions of relative silence. 

The observations were made in a sound-insulated chamber which was supplied with noise of the 
physical characteristic mentioned with a duration from 1 min to 2 hr (8 variants). 

The number of observations with each variant was 3—5 per subject. 

The audibility thresholds were measured, in silence, at a tonal frequency of 2000 c/s several times 
before and after continuous noise of definite duration. Measurements of hearing on cessation of noise 
began from the tenth second of silence and were repeated after various times for 15 min. 

The value of the threshold sensitivity of hearing obtained in the interval of time from the 10 to 20 
sec after cessation of noise suggests that the height of the audibility threshold in silence differed for 
the subjects of both groups persons working in noise. For the audibility thresholds settle at a lower 
level for all the variants of duration of stimulation than in persons working in conditions of silence; 
the values of the threshold displacement depend on the duration of the action of the stimulus (Fig. 1). 


dB 








n n rn 


510 20 30 60 min 720 





Fic. 1. Shifts in audibility thresholds in first 10-20 sec after effect of noise of different 
durations (average data for all subjects). 


It is clear that the shift in the audibility thresholds increase with the duration of the stimulation. 
Thus, while after application of stimulus for 1 minute in persons working in conditions of noise (I), 
on average a rise in audibility thresholds of 3 dB was discovered after 1-2 hr duration of stimulation 
the increase was as high as 21 dB. In subjects working in normal conditions (II), the response of the 
auditory analyser occurred with the same regularity, however, at a higher level of threshold shifts. Thus, 
in persons of this group the shift in the audibility threshold after application of noise for 1 min was 5 dB 
and after 1-2 hr 37 dB. This relationship was followed up in the other variants with different durations. 


Time, sec Difference (dB) 
Start End I II 
20 30 5 
30 40 ; 3 
40 50 2 


Thus, the findings in Fig. 1 establish a difference in the response of the auditory analyser to the 
action of an uniform adequate stimulus of both categories of subjects. This difference tends to a smaller 
shift in the threshold sensitivity of hearing in persons working in noise. 

We traced the restoration of the original sensitivity of hearing from the averaged data derived 


from three variants of the duration of noise: 30, 60 and 120 min (Fig. 2). 
The curves of the shift in audibility thresholds allow one to trace the peculiarities of the restora- 
tive process after the application of dosed noise in persons differently trained to perceive noise stimuli. 
The character of the restoration of original hearing can be judged from the rate of fall of the audi- 
bility threshold at different time intervals after the action of noise. 
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We computed the index of the rate by determining the consecutive difference in the threshold shifts 
obtained in the first tens of seconds after cessation of noise when the difference was most appreciable. 
This is reflected in the table. 

dB 
30 





i 


6 min 0 





Fic. 2. Restoration of audibility thresholds after action of noise. 


It is clear that restoration of the original (initial) value of threshold sensitivity of hearing in persons 
working in noise (I) and in usual conditions (II) proceeds at an identical rate. Hence, it is clear that for 
a smaller shift in the audibility thresholds in the former group as compared with the latter and for an 
identical rate of restoration in both groups, the time of return to the original threshold will be shorter 
for persons adapted to noise stimuli during work. This is convincingly illustrated by Fig. 2 which shows 
that the time taken to restore the original audibility threshold in persons working in noise is less than 
for persons in usual conditions. Thus, almost complete restoration of the original sensitivity of hearing 
in the first case, i.e. in persons adapted to noise by virtue of their work in conditions of noise, was noted 
after 5 min, in the second case, i.e. in persons not adapted to noise, 10 min after the action of experi- 


mental noise. 


DISCUSSION OF RESULTS 


The findings outlined may be interpreted as follows: the difference in the degree of charge in audi- 
bility thresholds is based on an inhibitory process. Then, in the particular case our findings are in 
agreement with paper [4] which notes that rise in the audibility thresholds reflects development of an 
inhibitory process of the character of cortical block of the action of noise. Consequently, the lower 
level of shift in threshold sensitivity of hearing in observers adapted to noise during work is the result 
of a less inhibited state of the auditory analyser as compared with its state in persons working in usual 
conditions of relative silence. The result of this is a rise in the resolving power of the auditory organ 
on perception of useful sound against a background of masking noise. It is clear that the number of 
sounds perceived by hearing in conditions of noise will grow as the value of the audibility threshold 

, i.e. for higher sensitivity of the auditory analyser. 


SUMMARY 


(1) The special aspects of adaptation of hearing in persons working in noise are characterized by 
a lower shift in the audibility threshold to the action of adequate stimulation than in persons unadapted 
10 these stimuli. 

(2) The time of restoration of the original audibility threshold is shorter in persons working 


tn noise. 
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NATURE OF THE FORCES OF INTERACTION BETWEEN 
CHROMOSOMES* 


P.S. ZYRYANOV 
Kirov Urals Polytechnic Institute, Sverdlovsk 


(Received 5 February 1960) 


AT a definite stage in the maturation of germ cells in meiosis the interesting phenomenon of attraction 


of homologous parts of two homologous chromosomes of each pair is observed (so-called conjugation). 
Experimental evidence shows that the attraction is most intense between the homologous parts of these 
chromosomes. In fact, if in one of two homologous chromosomes “transformation” of the inversion 
type results from ionizing radiations, then the intensity of the forces of attraction in the zone where 
inversion has occurred, is seriously weakened since the nonhomologous zones oppose each other. 
It thus follows that any attempt to understand the nature of these forces must start from a consideration 
of the chromosomes as elongated structures. 

To our knowledge, the first attempt to explain the forces of homologous attraction was made by 
Jordan [1] who regarded the chromosome as a point harmonic oscillator. Jordan’s results stem from 
an over-simplified chromosome model, and great caution must be employed if they are to be transferred 
to any extent to real chromosomes. Fridrich-Freksa [2] has, in contrast to Jordan’s model, considered 
an elongated model of the chromosome with distributed rigid electric dipoles. In our view, a convinc- 
ing case cannot be made out for this model. Recently, [3], a more complex macromolecule model was 
considered, being a system of harmonic oscillators with a certain spectrum of frequencies concentrat- 
ed in the centre of a spherical molecule. This point model of the macromolecule is convenient and can 
be employed to give a faithful description of the forces of interaction between macromolecules separated 
by a distance exceeding their linear dimensions. Such a model, as shown by the authors of the papers 
[3] enables one to draw interesting qualitative conclusions on the nature of the forces of interaction 
between macromolecules. 

The aim of the present work is to consider and give a consistent mathematical interpretation by 
means of the method of collective interactions [4, 5] of a more general chromosome model free of the 
defects inherent in the models mentioned. 

We shall model the chromosome as an electrically neutral chain consisting of various groups of 
atoms forming a periodic structure. We shall investigate the energy of interaction between two parallel 
chromosomes, both homologous and not so, and the dependence on the parameters characterizing the 
chromosomes and the distances between them. For simplification of mathematical analysis and to 
obtain fundamental conclusions, we shall examine the simpler problem of the general case of interaction 
of two parallel electrically-neutral homogenous chains with variable mean density of the number of 
particles. This simplified problem is essentially an approximation of an accurate solution in which the 
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density of the number of particles along the chain is averaged. Each chain consists of a large number 
of atomic nuclei and electrons. In such systems of particles the density of the electrical charge fluctuates 
resulting in a fluctuating electric field responsible for the interaction between chains. The spectrum 
of frequencies of oscillation of this field consists of two branches [6]; low-frequency oscillations produced 
by fluctuations in the density of heavy particles (nuclei) and high-frequency oscillations connected 
with rapid motion of the electrons. The low-frequency oscillations with low-quantum energy lead to 
small divisions of positive and negative charges and their contribution to the energy of interaction 
of the chains may be neglected as compared with the contribution of the high-frequency oscillations. 
Since the high-frequency oscillation cannot be excited by thermal motion (since fiw >> xT where x, 
the Bolzmann constant) only so-called zero oscillations exist with an amplitude not dependent on 
temperature. These oscillations are of a purely quantum nature. Thus, the high-frequency oscillations 
describe in essence the quantum fluctuations in the system of electrons. The energy of interaction of 
two chains related to the unit length of the chain, may be defined as a displacement of energy of the 
ground state on exclusion and inclusion of interaction between them. 


The hamiltonian of the system for chains of a unit length has the form: 
H Xi */2 mp? + "/2 LizG, (yi — yj) + Li"/s MP? 
tle Si jGe (| Ri — Rj |) + DiyjG3 (| R; ), (1) 


where > fx;.0.0 }, Rj {X;, Yo, 0} — the radius-vectors of the particles of the first and second chains 
and p; the pulse operator of the ith particle; G, and G,, the potential energy of interaction of a pair of 


particles in the first and second chains, G;, the potential energy of particles belonging to various chains 


separated from one another by yo. The last term in (1) allows for the effect of interaction between 
chains. 

Following the method of the collective description of the interactions outlined in the work of 
Bohm and Pines [4] and also Zubarev [5], it is possible to separate from (1) the energy operator corre- 
the collective movements in the system by introducing new dynamic variables for describing 
the Fourier components of the operator for the density of particles, determined by the 


sponding to 
the system — px 


equalities 


VN Se" 
: — tk X; 

V N3Sie ; (2) 
where n and N, the mean number of particles per unit length in the first and second chains respectively. 
As shown in [5, 6] 0, is introduced for k k, (ko, the maximum wave number, the order of magni- 
tude of the inverse distance between particles). 

On introduction of the new variables 9x, the pulse operator is converted according to the following 
formula [7] 
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the expression for P; is written likewise. 


In the mixed representation (x; and ox) the hamiltonian (1) has the form 
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Gis (k) f Gis (x) e*™ dy. 
G;(k, Yo) J G3(y x By Je KX Ie, 


Hina describes the motion of the individual particles with “trimmed” interaction - H;,., describes 
the interaction of the individual particles with collective movements of the system. 

If the distance between chains is great as compared with the mean interparticle distance in the chains, 
then in (4) Hing and Hj, can on the basis of [5] be considered as corrective terms. Thus, as an approxi- 
mation of the collective description of interactions, the hamiltonian of the system is the quadratic form 
for the variables ex and p’,. After reducing this form to the diagonal form for the energy of the ground 


state of the interacting chains we get the following expression: 


, AO of + Q 
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The energy of the ground state of the non-interacting chains is equal to: 


E, h/2 y (22, @). (6) 
k<k, 


The difference in E, and E{ gives the expression for the energy of interaction of chains of unit length 
U (key) = E EE. (7) 

We shall consider particular cases. 

A. The chains are identical: 2, = w, and in addition, we put ©{<w/. This inequality can always 
be fulfilled with », sufficiently large. For U we get in this case the expression: 

U (ko, Yo) hi4 Y O*(»)/w}. (8) 
k<ke 

From (8) it follows that between identical chains the forces of attraction (U < O) exist and depend 
on the distance between the chains yy. By assigning an explicit expression for the law of interaction 
between particles, one can find U as an explicit function of yo. 

B. The chains are non-identical, expressed as a difference in frequencies w,, and Q,. If for simplicity, 
we consider the limiting case 22, @, and Q7°@7 then it is not difficult to show that U in this case 
tends to zero as the ratio of the frequencies ,/QQ,. 

Thus, it is possible to demonstrate by investigating the limits of formula (7) that the maximum 
value of U(k yo) corresponds to the case of identical chains when the spectra of the fluctuating fields 
completely overlap or simply coincide. Consequently, the energy of interaction of the chains depends 
on the degree of overlap of the frequency spectra of the fluctuating fields of these chains. This result 
coincides with the conclusions of paper [3] obtained by different means. 

With regard to the dependence of U on yo, it may be contended from general ideas, without speci- 
fying the form of interaction between particles in the chains, that U diminishes quite rapidly with 
increase in yp. Thus, for example, Lifshits in his very interesting work [8] computed the energy 
of interaction between two half-spaces filled with condensed medium and separated by a slot of width /. 
In this case, the potential energy of the molecular attraction falls in inverse proportion to the fourth 
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power of /. Obviously, in the case of linear chains the energy of molecular attraction will fall still 
more rapidly with increase in the distance between them. 

Certain conclusions may be drawn from these remarks on the interaction of non-homogenous 
chains constituting periodic structures. In this case U will assume the lowest value (greatest in modulus) 
whenever the chains are identical and so arranged that homologous zones oppose one another. Although 
these forces do not have marked selectivity owing to the diffuseness of the spectrum, nevertheless they 
may ensure “coincidence” of the elongated macromolecules with their identical zones. This may occur 
for the reason that the interacting macromolecules are in a viscous medium hampering rapid separation 
from each other and therefore, even with inadequate “sharpness of tuning” resonance may develop 
to full measure [9]. 

The effect of the medium on the interaction of the chains can be allowed for by including the die- 
lectric constant ¢(«) in the Fourier-component of the potential energy operator. For media containing 
ions, U will also depend, through ¢(), on the ionic concentration of the medium. Although calculations 
taking into account the dielectric constant of the medium present no difficulties, we shall not give them 
hereand only discuss the resulting implications qualitatively. 

The effect of the presence of ions is that each chain will be surrounded by a polarized envelope. 
When the chains draw together, as well as the forces of molecular attraction, produced by fluctuations 
in the density of the charge, Coulomb forces of repulsion between the polarized envelopes will come 
into play. The competition of these forces stabilizes the mutual arrangement of the chains in the bound 
state if the energy of binding the chains exceeds that of the chaotic thermal motion of the molecules 
of the medium. 

So far we have not discussed the possibility of “divergence” of the chains (breakdown of the bound 
state). One possible cause of “divergence” of the chains may be, for example, change in the ionic con- 
centration of the medium. In fact, with reduction of the concentration of ions the size of the polarized 
envelope increases with a resulting increase in the distance at which the Coulomb forces of repulsion 
between these envelopes come into play. This, in turn, may have the effect that the distance at which 
a bound state of the chains is possible increases and the absolute value of the energy binding them drops 
and if L kT then the chains diverge. The reason for the reduction in the concentration of ions in 
the medium is apparently the phenomenon of doubling the complement of chromosomes during cell 
division. 

In conclusion we would point out that in formula (7) the expression for the energy may become 
complex for values of y, sufficiently low and then the oscillations in the chains become unstable. 

Drawing together of the chains in a certain zone to a small distance may arise from Brownian 
movement of the molecules of the medium. Possibly this phenomenon may be at the basis of crossing 
over (normal exchange of the zones of homologous chromosomes on conjugation in meiosis). However, 
this requires further special analysis. 

I should like to express my deep gratitude to N.V. Timofeyev-Ressovskii for formulating the 
problem and valuable advice and to M. V. Vol’kenshtein for critical remarks and N. V. Luchnik, 
A.N. Orlov and G.G. Taluts for reading the manuscript and giving useful advice. 
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Ir is usual toconsider the analyser as a complex functional apparatus comprising: the receptor trans- 
forming the energy of external stimulation into a process of nervous excitation; the conducting part, 
i.e. the totality of fibres of an afferent nerve; and finally, the brain—an association of elements of the 
central nervous system responsible for higher analysis and synthesis of stimulations, for the origin 
of sensations, concepts, perceptions and other higher forms of psychic activity. It used to be supposed 
that the analysing act was completed within this unilateral three-member chain. It is quite obvious 
that in its time this view, underlying the Pavlovian theory of analysers, played a major progressive 
role: it contributed to the development of the old “classical” physiology of the sense organs, logically 
combining it with the higher nervous activity and organically and functionally related the work of the 
peripheral receptors to the brain sensitivity centres. However, today such a concept is altogether too 
simple and far from complete. The factual information gathered in recent years suggests an incomparably 
more complex picture of the phenomena in the analysers and the existence and paramount role (together 
with the direct influences noted above) of reverse, centrifugal influences. 

It is now some time since histologists discovered numerous examples of efferent or centrifugal 
pathways from the central nervous system to the receptors. Dogiel [1], Cajal [2] and later Polyak [31 
demonstrated the existence of efferent fibres to the retina. Held [4] and Rasmussen [5] have described 
similar efferent fibres to the ear. Centrifugal fibres have also been described for the gustatory, olfactory 
and skin receptors. 

In special histological investigations, Orbeli, together with Martynov and Yur’eva [6] established 
the sympathetic origin of the efferent or accessory innervation of the sense organs. Starting from the 
theory of the universal, adaptational-trophic role of the sympathetic nervous system in the body, 
Orbeli proposed that centrifugal innervation of the receptors plays a regulatory role. In his book 
“Lectures on the Physiology of the Nervous System” he wrote as early as 1934, “bearing in mind that 
the majority of receptors and possibly all receptor apparatuses possess double innervation as firmly 
established by histological findings, I have assumed that the second or accessory innervation of the sense 
organs is not afferent but centrifugal innervation possibly of sympathetic origin and perhaps playing 
an adaptational-trophic role in relationto the receptors”. In a number of subsequent experimental 
studies carried out in the school of Orbeli, this theory received full experimental confirmation. It suffices 
to refer to the work of Orbeli and Tonkikh on the effect of the sympathetic nervous system on the 
activity of the skin analyser, the investigations by Mkrtycheva [7] who established the effect of the 
sympathetic nerve on the visual purple content of the eye retina and the work of Demirchoglyan and 
Sverdlov [8] on changes in the electroretinogram after desympathetization of the eye. The adaptational- 
trophic effect of the sympathetic nervous system on the eye was clearly brought out in the experiments 
of Rappoportand Robinzon [9], Zagorul’ko [10], Arkhangel’skii, Gol’ts and Rayeva [11] on the migration 
of the dark pigment in the eye. Thus, mere enumeration of the facts which are by no means new, points 
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to the existence of reverse influences of the sympathetic nervous system on the activity of the receptors 
and the various manifestations of their activity. This unquestionably contributes to improvement and 
standardization of the processes of reception. 

Efferent regulation in the analysers has been clearly revealed also in the experiments of Snyakin 
12, 13], lasting over many years, on the so-called functional mobility of the receptors. These investi- 
gations and the theoretical views of Snyakin on the functional adjustment of the receptor apparatus 
suggested a close interrelation between the conditions of the external environment and the activity 
of the analysers and the constant variation in the number of actively functioning receptors (the receptor 
mosaic). Although these studies do not specify the anatomical-physiological basis of these processes, 
they nevertheless suggest regulation of the process of reception and the existence and great importance of 
active feedbacks. Another fundamental fact is that the receptors themselves in these experiments 
appeared for the first time as effectors of reflex reactions. 

Another set of interesting factors relates to the higher form of regulation of the activity of the 
sense organs—cortical control of sensitivity. But they must be considered in close relation with the 
preceding facts since the autonomic nervous system itself is under the influence of the higher echelons 
of the central nervous system. 

The first findings in this field were obtained by Dolin [14] in the Pavlov laboratory: he studied the 
conditioned reflex changes in the light sensitivity of the human eye. The results of his investigations 
were confirmed and considerably developed in the work of Kravkov [15], Kekcheyev [16], Snyakin 
[13], Makarov [17] and others, who used differing terminology; “conditioned photochemical reflex”, 
“conditioned sensory reflex”, “conditioned tuning reflex”, etc. Despite the different phrases employed 
in all these investigations it was shown that conditioned reflex excitation is capable of eliciting variations, 
similar to the effect of an adequate light stimulus, in the light, colour and electrical sensitivity of the 
visual analyser. Changes in sensitivity were also noted during suggestions, representations and also the 
effect of stimuli on the second signalling system. 

In the investigations of Santrosyan [18], carried out in our laboratory, it was shown that many 
stimulations untypical for the visual analyser (olfactory, auditory, gustatory, electro-skin) exerted an 
influence on visual functions. However, they become much more active if they have importance as 
a Signal, i.e. when they cause conditioned reflex excitation and include cortical! feedbacks. 

However, in many investigations attention has been essentially focused on the characteristics of 
the changes in sensitivity in the development of conditioned excitation of the cerebral cortex, whereas 
changes in the same function with cortical inhibition have remained unknown. In the investigations 
of Demirchoglyan and Allakhverdyan [19] it was established that the development of a state of cortical 
inhibition sharply changes the light sensitivity by raising it, as opposed to conditioned excitation. 
Thus, while the body of work on autonomic innervation of the receptors points to the existence of 
feedbacks in the analysers through the presence of fibres of the sympathetic nervous system, work 
on the cortical regulation of sensitivity of the analysers suggests the cerebral cortex as the origin of such 
feedbacks. 

In recent years, these results have begun to acquire a new content in the light of the latest electro- 
physiological investigations and have assumed a direct relation to the problems of feedbacks in the 
analysers. In fact, previously we had no information on the site of localization of conditioned reflex 
changes in sensitivity and the most probable site of the changes was thought to be the cortical end of the 
analyser. Now, experimental material has accumulated demonstrating the possible development of 
reflex changes even in the receptors themselves. In our laboratory Allakhverdyan [20] working with 
rabbits and using a contact lens electrode, established the possibility of conditioned reflex changes 
in the electroretinogram (e.r.g.), i.e. an electrophysiological expression of excitation of the photorecep- 
tors of the eye. Conditioned reflex changes in the human e.r.g. have also been noted in the work of 
Semenovskaya and Bogoslovskii [21]. Highly interesting findings have been reported by the Czechoslo- 
vak scientist Vanysek [22] who observed changes in the human e.r.g. during suggestions. The Italian 
investigators Bittini and Ronchi [23] have described two cases in which an e.r.g. was recorded in the 
absence of light stimulation. On sudden replacement of double flashes by a single one, the e.r.g. was 
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“two humped” and the subject saw two flashes. Jacobson and Gestring [24] have also described cen- 
trifugal influences on the e.r.g. of cats and monkeys. 

Consequently, these findings are direct evidence of reverse influences of the central nervous system 
on the receptors of the visual analyser. 

The findings on disturbances in feedbacks have already been applied in the field of clinical electro- 
retinography. During systematic research in this field (Melik-Mus’yan and Demirchoglyan [25]) we came 
across sharp disturbance in the activity of the retina with various lesions of the central nervous system. 
Of particular interest is hysterical blindness or amaurosis in which case we detected considerable 
amplification in the e.r.g. which was smoothed out during restoration of sight in the patient. Thus, with 
the failure of central regulation of the activity of the retina, the latter displays uncommonly high sensi- 
tivity to light. This phenomenon can be regarded as the result of temporary failure of a regulatory 
feedback in the human visual analyser. 

Finally, the most direct facts concerning the problems of interest to us were obtained recently by 
Galambos [26], Motokawa [27] and also Granit[28]in experiments on the auditory and visual analysers. 
In the laboratory of Motokawa, in particular, it was discovered that antidromic stimulation of the 
optic nerve leads to temporary depression of retinal impulses on illumination. Granit, in experiments 
with electrical stimulation of certain sections of the central nervous system (reticular formations of the 
cerebellum and cerebral cortex) established their effect on the generation of impulses in the ganglion 
cells of the retina and the receptors of muscles and thereby demonstrated the existence of feedbacks 
in the analysers. 

Recently, there has been growing interest in our country in the problem of efferent influences in 
the analysers. Gershuni [29] has investigated the problem of regulation of afferent flow along the audi- 
tory tract in natural conditions of the body. It was found that during intake of food a sharp drop in the 
electrical responses of the auditory cortex, corpus geniculatum mediale and the auditory nerve fibres 
observed due to the effect of natural nutritional conditioned stimuli (olfactory, visual). Sokolov [30] 
in his investigations on the role of the orientating reactions in the processes of perception using electro- 
encephalographic, skin-galvanic, vascular and other methods, has made wide use of the concept of analy- 
sers as an afferent—efferent system. Samsonova [31] emphasizes the importance of the response activity 
of the body in analysis of external stimulations in the analysers. 

Wherein lies the similarity and differences in the analyser feedbacks of the living body from the 
feedbacks in modern techniques of automatic regulation? It is known that in almost all technical 
devices and sytems, work stabilization in the presence of various disturbances and fluctuations in the 
conditions is brought about by feedback systems. Some of these, termed negative feedbacks, ensure 
decrease of the effects resulting from the signals arriving at the input of the system as compared with 
those which would occur without this mechanism. Therefore, such coupling counteracts the deviations, 
depresses them and thereby stabilizes the system. In contrast, so-called positive feedbacks enhance the 
developing deviations, and increase the effect of the input signals. 

As is clear from the examples given above, negative and positive feedback occurs in analyser acts 
in the living body. In those cases in which it is necessary to intensify the effect of exicitation of the 
receptors, say, with weak light, a positive feedback is brought into play. When the eye is acted upon 
by a very bright light, a negative feedback which reduces the degree of excitation of the photoreceptors 
takes over from the positive one. 

With the development of industrial electronics and automatic computers in recent years, a new 
and more refined system of automatic regulation has been developed with analysis of the processes at 
the output of the system and search for the best forms of regulating the processes. Such systems have 
been called self-tuning or self-regulatory. Undoubtedly, in the analysers of the living body it is precisely 
this form of feedback which is utilized and with which some sections of the central nervous system 


perform automatic evaluation of the incoming information and choose the optimum solution of the 


problem by regulation of sensory functions. 
In all systems of automatic regulation there is a continuous exchange of information, in the form 
of a closed ring, between the central control and the executor peripheral organ. Both forward and back 
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information in these systems is produced by special coding devices, converting non-electrical values 
into an electrical code, i.e. into a totality of electrical impulses. We must recognize that in the analysers 
of the living body transmission of information is brought about through flow of electrical impulses 
appearing, for example, in the ganglion cells of the retina—distinctive coding systems. 

With automatic regulation in technical devices, instances are observed in which particular inaccu- 
racies appear in the feedbacks with resulting disturbance in the synchronization and harmonization 
of the work of the centre and periphery of the automaton (reverberation). The individual characteristic 
signs of reverberation allow one to determine the site and extent of the disturbance in the feedback 
mechanisms of automatic devices. Similar phenomena are also encountered in the analysers of the living 
body. Material has been given above on clinical electroretinography which confirms this statement. 

But it is quite natural that with all these features of similarity between the character of feedbacks 
in machines and the analysers of the body, there remain profound and fundamental differences. Unfor- 
tunately, it must be stated that these differences have been insufficiently emphasized in a number of 
studies and some authors playing with the “feedbacks” concept mechanically transfer it to the field 
of analyser activity. 

In examination of the differences the first thing to bear in mind, in our view, is certainly not the 
quantitative aspects of the matter. The main difference is that the feedback mechanisms arose during 
evolutionary development of living creatures and bear the imprint of all the forms of interrelation 
of the body and its sense organs with the environment. They function in close contact and under the 
control of those higher echelons of the central nervous system of man which are connected with human 
consciousness. This also determines the possibility of active conversion and the most delicate adjustments 
in the work of the feedbacks, which is quite impossible in automata without human _ intervention. 
Feedbacks in the analysers of the body once again emphasize the possibility of the influence of the 
nervous system on the most intimate, physicochemical processes in living cells, whereas in machines this 
property has still not been utilized and process regulation is achieved indirectly. Finally, the feedbacks 
of the analysers considered above are directiy concerned with the most essential processes of analysis 


of the external environment and are still absent in the percipient parts of automatic devices. 


Generalizing the experimental material characterizing the importance of feedbacks in analyser 


1ed above we may infer the need for clarification and extension of the classical concept 
t pathway from the receptor to the cerebral cortex. Today, we have at our disposal numer- 
. basis for advancing a hypothesis on a ring system of nerve processes in the analysers 
nally divided into three groups, particularly well illustrated by the visual analyser. 


em is enclosed within the limits of the retina and produce the most peripheral level 

receptor processes. The second embraces the subcortical formations including the 

1s. Feedbacks entering the retina from these formations ensure a higher level of regu- 

lation of the functions and already contain within themselves the possibility of reflexion of the influences 

from other analysers and body systems. Finally, the third cyclical process includes the large hemi- 

spheres and the cortical centrifugal influences on the retina ensuring the most developed regulation of 

light reception. Thereby, the efferent influences participate in the very process of analysis and acquire 

biological importance. 

apparently stand on the threshold of formulating a new concept of the analyser act in which 

nce is attached to efferent control of sensitivity and to feedbacks. It is natural that there 

must be a corresponding fundamental modification in our previous ideas on the state of the analysers 

in such psychological processes as attention, presentation, association, etc. The most important psycho- 
physiological problem of the interaction of the sensory organs must be considered anew. 


gical | 
1e of the specific examples of the beneficial influence of modern cybernetics on the physiol- 
biophysics, and psychophysiology of analyser activity. Thorough study of the feedback mechanism 
considerably extends our knowledge and is of great interest not only for physiology but also in psychol- 
ogy and clinical practice. On the other hand, elucidation of the many peculiarities of biological feed- 
backs enables engineers to look for new ways of improving the techniques of automatic regulation. 
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Stupy of the qualitative differences of the tissues of the plant organism and their changes is of great 
scientific and practical interest [1-3]. 

The presence of a different content of organic acids, nitrogenous substances, carbohydrates and 
cellular tissue in the internal tissue of the apical and stolon parts of the potato tuber has been establisb- 
ed [4-7]. Some investigators relate phytoresistance of potato varieties [8] and lack of keeping properties 
to the different qualitative aspects. 

It is considered that the qualitative differences of tissues reflects vitality an gives an idea of the 
physiological state of the plant organism [9, 10]. A reason for this is the molecular-structural difference 
which is very well reflected by the electrical parameters and the changes in them. 

[he present article reports on investigations of the molecular-structural aspects of the internal 
tissue of the apical and stolon parts of the potato tuber and the changes during storage, obtained by 
analysis of the curves of drop in discharge current. The characteristics of post-harvest ripening and the 
period of rest of the internal tissue of the apical and stolon parts of the potato tuber have been described 


1 


and established from the kinetics of electrical conductivity. 


OBJECT AND METHOD OF INVESTIGATIONS 


The test objects were tubers of the “UI’yanovskii” potato of the same size and weighing 80-100 g, 
harvested in the autumn of 1957 from the same field. After harvesting, the tubers were stored in a semi- 
basement building at a temperature of 16-17° and a humidity of 90-95 per cent. The rest periods and 
phases were determined from the electrical conductivity of the tissue [11] of the apical and stolon part 
of the potato tuber. The molecular-structural features of the tissues were established from the discharge 
current of cylindrical standard discs 2-4 cm in diameter and 2-4 mm thick, cut from the apical or stolon 
parts of the tuber. During measurements, the standard discs were held between carbon plates electro- 
des f ith paraffin. Such electrodes have good conductance but lose the ability peculiar to carbon 
1g moisture while not reacting chemically with the tissue. The temperature during the measure- 
its wa pt constant at 22°. Before obtaining the discharge current a constant non-traumatizing 
current of 2 mA was passed through the standard disc of tissue. To obtain the current, the circuit was 
arranged as in Fig. 1. During passage of the preliminary current the key was in position 2. The same 
circuit was used to obtain the discharge current. In this case the key was moved from position 2 to posi- 
tion 1. Then the discharge current was passed through the recording milliamperemeter the direction 
of which was opposite to that of the preliminary current. A copy of one of the records of discharge 
current from the potato tuber is given in Fig. 2. 

In obtaining the discharge current we determined and considered: the value of the null drop in 
current, i.e. the brief change in its strength which on the recorder strip was reflected by the vertical 
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line (IE in Fig. 2); the value of the “relaxation drop” in the current (EO Fig. 2). In addition, the value 
of the segments a cut off by the tangents at point A (Fig. 2) was determined. 
The total relative error of the results recorded in the table could not be greater than 5 per cent. 


T 




















Fic. 1. Arrangement for producing discharge current: T, tissue; mA, recording 
milliamperemeter; B, source of direct current; P, potentiometer; K. throw-over key. 
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Fic. 2. Copy of record of discharge current through disc of potato tuber tissue. 


“NULL DROP* IN CURRENT 


Passage of preliminary current through the plant tissue causes polarization of the electrodes and 
interstitial polarization. During the drop in the discharge current within the tissue and at the electrodes 
processes opposite to polarization are completed. Within the tissue the first to disappear are those 
polarization phenomena which had previously been completed on passage of the preliminary current. 
In the first place, over several seconds as in the case of electrolytes [12], polarization of the electrodes 
disappears, which leads to a sharp, almost instantaneous drop in discharge current. Such a “null drop” 
in current (see part IE, Fig. 2) occurs through reduction in the voltage in the tissue—electrode system 
from the maximum value to a value corresponding to the start of the relaxation drop in current. The 
value of the null drop in discharge current is defined as the difference in the maximum value of the 
discharge and relaxation currents. 
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RELAXATION DROP IN DISCHARGE CURRENT 


The decrease in strength of discharge current (part EO., curve Fig. 2), due to the drop in the polar- 
ization processes within the tissue, is a relaxation one. With the presence in the tissue of a set of dipole 
groups with different relaxation times and elementary volumes that limit the translocation of charged 
complex, the relaxation change in discharge current in time can be represented by the sum of the dimin- 
ishing exponential functions. (We do not relate the limitation of the translocation of charged complexes 
to the presence of membranes. Such limitation is due to the inhomogeneity of the tissue and conse- 
quently, the variable value of the potential barriers overcome by the particles during movement.) It is 
assumed that the time of relaxation is determined both by the time of rotation of the electrical dipoles 
und the time taken by the charged complexes to reach the boundaries to the elementary volumes 


within 


INVESTIGATION OF THE RELAXATION DROP IN THE CURVE OF 
DISCHARGE CURRENT 


strength of current J, measured at any moment of the relaxation drop is determined by the rate 
al of the dipole and charged non-penetrating particles from participation in the polarization 
tissue, consequently, 
q:dN 
dt 


yf 


number of all relaxation particles involved at the moment of measurement of current 
ration of the tissue and gq is the average value of the charge on one particle. 
sume that the tissues contain relaxation particles made up of only two groups with 
d that the group with shorter time of relaxation consists of x, particles. 
of any one part of the plant. It is assumed that the tissue of any other plant organ 
oups with the same relaxation times but with a different number of particles in them). 
d at any moment merely through removal from participation in polarization 
rst group is determined by the expression. 


xX, (2) 


t produced through the particles of the second relaxation group containing y» particles— 


— qhy), (3) 


and A, are the corresponding constants of the rate of removal (the reciprocals of the relaxation 


yf the particles), x and y, the number of particles with shorter and greater time of relaxation 


vely participating in the polarization of tissue at the given time. Then 
Lp=k+, (4) 


tio of the strength of current produced by the particles of shorter time to the total value of 
g relaxation current in accordance with (2), (3) and (4) is equal to 


(5) 


At the initial moment of drop, the discharge current of the tissue, saturated with polarization, is produced 
by all the relaxation particles present in the tissue. Consequently, in this case equation (5) can be written 


in the form 


(6) 
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where J,, is the strength of current produced by all the particles of shorter time present in the tissue 
and iy, strength of current produced by all the particles of longer time of relaxation. 

The relative number of particles of shorter relaxation time present in the tissue can be determined 
from the expression 


From (6) we get 


where 


therefore 


(7 


Consequently, from known values of k and n the relative number of particles of shorter relaxation 
time is determined. 

The constants of the rate of removal are inversely proportional to the time of complete removal 
from participation in the polarization of the tissue. Therefore, from the given time of complete removal 
of the particles with shorter relaxation time and shorter time of completion of the drop in current the 
value of the ratio n can be found. The value & is determined by the method of tangents described below. 

We shall assume that particles with the shorter relaxation time are completely eliminated from 
participation in polarization of the tissue in t seconds. Then the reduction in the strength of the current 
measured + seconds after the start of the drop comes about through complete removal of x, particles 
and also through the change in polarization due to the presence of particles still not finally eliminated 
from participation in polarization. This is equivalent to complete elimination from participation in 
polarization of v particles with the longer relaxation time. Thus, at the moment of measurement of the 
value of reduction in current J- (Fig. 2) the total number N- of relaxation particles eliminated from 
participation in polarization of the tissue is equal to 


Nr Xo v. ( 10) 


Then, from (10) the value of the reduction in strength of current (not the strength of the diminishing 


current J, (4) but the value of the reduction in the current /; (Fig. 2) + seconds after the start of the drop 


is determined by expression 

gdN- i dx qd 
(11) 
dt dt dt 


Taking the rate of removal of particles with longer relaxation time during + seconds as equal to the 


average rate we get: 
(12) 
where + is a constant. Differentiating expression (12) gives: 


d*v 1 dv 


dt? t dt ‘ 
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Hence, the value of the reduction in discharge current Iy due to the presence in the tissue of particles 
of longer relaxation time when measured at the moment of complete removal from participation in 
polarization of the particles with the shorter time of relaxation is equal to 

qdv qd*v 


ly =_ “ie (14) 
dt dt? 


Fig. 2 shows that the tangent at point A of the curve of the relaxation drop in discharge current inter- 
sects the current axis at A,. The length A,A, is equal to 4,.* And since EA, = /-, then ,, = EA; = a. 
Then the value & in (8a) is determined by the ratio: 

— (15) 


op 


When particles with shorter relaxation time are present in considerably greater numbers i.e. for 
(16a) 


(16b) 


expression (6) can be presented in the form 


Tox 


Ton Xo Yo 
consequently, in these conditions in accordance with (7) (8a) and (15) 
nek. 

Since the discharge current from the plant tissue at first diminishes very sharply and then quite smoothly, 
then for some points of the curve (for example, for the point separated from the origin of co-ordinates 
by 100 sec) condition (16b) is applicable, as is condition (16a) for the nearly points with smooth change 
in current. Consequently, in this case the relative numbers of relaxation particles forming part of the 
plant tissue, as a first approximation, can be defined from formula (15). 


ASPECTS OF THE APICAL AND STOLON TISSUE OF THE POTATO TUBER DURING 
THE RESTING PERIOD 


Our investigations showed that the general pattern of change in electrical conductivity during 
storage is the same for any internal tissue of the potato tuber (Fig. 3). But the internal tissue of the 
stolon part of the potato tuber completes post-harvest ripening later than the apical part. The duration 
of the first and second rest phases for this tissue is shorter, which enables it almost simultaneously 
with the apical part to complete the entire period of rest. However, the internal tissue of the stolon 
goes through the state of the deepest rest later (6, Fig. 3). The later onset of rest of the stolon tissue 
is to be explained by the fact that it grew earlier. Moreover, the tempo of maturation of this tissue is 
higher. It is characteristic that in the post-resting period the electrical conductivity of the internal 


* In fact, the value J/- of the drop in current at point A (EA, Fig. 2) is equal to the derivative in 
time of the number of particles eliminated from participation in polarization. Consequently, for this 
point expression (11) is 

qd (Xo + Vv) dl, qd*v 


hence — = - == ip a, 
dt ' dt dt? 


since xX» at this point is constant. From the triangle AA,A, (Fig. 2) bearing in mind (14) we get 


qd*v 


A,A, = A,A‘ tg & t - 
dt* 
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tissue of any part of the tuber changes synchronously and is correlated with the external signs of the 
start and end of germination (see electrical conductivity up to 82 and 92 days (Fig. 3)). The presence of 
the largest value of electrical conductivity in the state of complete germination indicates that at this 
time there are conditions within the tissue promoting the maximum translocation of nutrient substances 
from the storage tissue to the buds. 


$1 cm-* (x 105) 
7 














95 days 


Fic. 3. Electrical conductivity of internal tissue of the tuber of the “UIl’yanovskii” potato with direct 
current of density 0-05 mA/cm?. A, state of maximum rest for internal tissue of apical part; C, state 
of maximum rest for stolon part of potato tuber; I, rest period of tissue of apical part; II, post-rest 
period; III, rest period of stolon part; a, first; b, second; c, third phase; d, start of germination; e, com- 
plete germination. 1, for apical tissue; 2, for tissue of stolon part. Abcsissa, days after harvest. 


IONIC STATE OF APICAL AND STOLON PART OF THE INTERNAL TISSUE 
OF THE POTATO TUBER AND ITS CHANGE DURING STORAGE 


From the recordings of the discharge currents it was established that during the last phase of post- 
harvest ripening the value of the null drop in discharge current from the apical and stolon parts of the 
internal tissue of the potato tuber rises sharply (Figs. 4, 5). During this phase the electrical conductivity 
of the tissue also increases (Fig. 3), i.e. in all the parts of the internal tissue of the tuber the concentration 
of penetrating ions rises. 

It is important to note that the increase in the null drop of discharge current from the internal 
tissue of both the apical and stolon parts of the potato tuber during completion of post-harvest ripening 
and the first phase of the rest period was accompanied by reduction in the value of the relaxation drop. 
Therefore, it may be assumed that in all the parts of the tuber passing through these phases, formation 
of penetrating ions occurs by separation from charged non-penetrating complexes. As a result, the latter 
are neutralized, which leads to a corresponding change in the relaxation drop in the current. 

During the first and second rest phases the value of the null drop of current from the tissues of the 
apical and stolon parts of the potato tuber continued to rise, but more smoothly. Consequently, during 
these phases there was an increase in the relative number of penetrating ions in the internal tissue of 
the tuber. However, this did not lead to increase in the electrical conductivity of the tissue (Fig. 3) 
since Owing to the progressive increase in differentiation of the cell protoplasm observed at this time 
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[13-15], the resistance of the tissue rises. Therefore, some of the ions which have readily penetrated 
the tissue during post-harvest ripening are now held back within the elementary volumes, the potential 


barriers of which are increased. 





i i A 4. 4 





8 16 0% a2 4) 48 36 


“Null” and “relaxation drop” in discharge current from internal tissue of apical part of tuber 
‘yanovskii” potato during storage. a, first; b, second; and c, third phase; I, post-harvest ripening; 
period; III, null drop in current; IV, relaxation drop in current; V, buds starting to grow; VI, 


state of complete germination. Abscissa, days after harvest. 


There is a diminution in the relaxation drop in discharge current from the internal tissue of both 
par f the potato tuber corresponding to the first rest phase. And since such a decrease is accompanied 
by a rise in the specific weight of the penetrating ions, it may be assumed that in this case processes 


predominate in the tissue that lead to neutralization of the charged complexes. 


Uv 





4 


90 00 days 





Fic. 5. “Null” and “relaxation drop” in discharge current from internal tissue of stolon part of tuber 
of “Ul’yanovskii” potato during storage. VII, state of deepest rest. Otherwise as in Fig. 4. 


In the second rest phase, the relaxation drop in the discharge current from the apical internal 
tissue shows virtually no change (Fig. 4) but from the stolon part it increases (Fig. 5). Consequently, 
the processes of neutralization of charged complexes in the internal tissue of the apical part of the 
potato tuber die away in this phase. In the tissue of the stolon part processes occur leading to 
the formation of charged complexes, not through attachment of ions but by reformation. 

Increase in the relative number of relaxation particles in the internal tissue of the tuber in the 
third phase is accompanied by a reduced concentration of penetrating ions. This may be explained 
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by the attachment (sorption) of the mobile ions to the neutral complexes (one of the indicators of the 
fact that the potato tuber is no longer in a state of genuine rest is acidification of the proteins of 
the protoplasm [16]). The increase in the electrical conductivity of the tissue which occurs at this 
time is to be explained by the reduced differentiation of the cell protoplasm. 

After complete germination, the value of the relaxation drop in discharge current from the tissues 
of both parts of the tuber decreases and the null drop in current increases, which is due obviously to 
neutralization of charged complexes with subsequent disaggregation. 

From comparison of the curves for the relaxation and null drops in current (Figs. 4 and 5), it is 
clear that on completion of post-harvest ripening and also on passing through the first and third phases 
of the rest period the most significant molecular-structural changes occur in the internal tissue of the 
potato tubers. 


MOLECULAR-STRUCTURAL STATE OF THE INTERNAL TISSUE OF THE APICAL 
AND STOLON PARTS OF THE POTATO TUBER 


The tangent method described above was used to determine the value of the ratio (9) for the three 
groups of charged particles constituting the internal tissue of the potato tuber: particles, the time of 
relaxation of which is reflected by a time of drop in the discharge current of less than 100 sec (termed— 
particles of shorter relaxation time); particles, the time of relaxation of which is reflected by a time 
of drop greater than 100 sec but less than 200 sec (termed—the particles of average relaxation time) 
and particles the time of relaxation of which is reflected by a time of drop longer than 200 sec (particles 
of longer relaxation time). For the points selected, the divergence between the results of calculations 
made from formulae (9) (17) and (15) was within the limits of error of measurement. Therefore, the 
tabular data are in agreement. From the kinetics of the value of this ratio (q) it is possible to judge the 
change in the relative number of particles with a shorter average and longer relaxation time in the 
internal tissue of potato tubers during storage. 

Table 1 shows that during the last phase of post-harvest ripening the relative number of charged 
particles with shorter and longer relaxation time in the internal tissue of the apical part of the tubers 
increase and particles of average time diminish. In the stolon part of the tuber (Table 2) there is increase 
only in the relative number of particles with a longer relaxation time, i.e. the largest particles, with 
simultaneous decrease in the concentration of N particles of shorter and average relaxation times. 
Hence, in the stolon tissue the direction of the processes towards synthesis is more marked than in the 
apical part. 

On passing through the first rest phase the relative number of particles of shorter relaxation time 
increases in the internal tissue of the apical part of the potato tuber and the relative number of particles 
with an average or longer relaxation time falls slightly. In the internal tissue of the stolon during this 
phase, the relative number of particles with shorter relaxation time does not change; the number of 
particles with an average time decreases and particles with a longer relaxation time increases. 

After onset of the second phase of rest and before achievement of the state of maximum rest, in the 
internal tissue of both parts of the tuber there is a small increase in particles with shorter relaxation 
time. 

At the same time, in the apical tissue (Table 1) there is a slight reduction in the relative number of 
the medium and large particles. In the internal tissue of the stolon there is an increase in the relative 
number of particles with average time and reduction in the relative number of particles with a longer 
relaxation time (Table 2). 

After passing from the state of deepest rest to the onset of the third phase of rest the relative number 
of particles with a shorter relaxation time virtually does not change in the internal tissue of both parts 
of the tuber. Simultaneously, there is a reduction in the relative number of particles with longer and an 
increase in the relative number of particles with average relaxation time. Consequently, after the emer- 


gence from the state of maximum rest processes of disaggregation of the large charged particles set in 


in the internal tissue of the tuber. 
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1. RELATIVE NUMBER (PERCENTAGES) OF CHARGED AND DIPOLE PARTICLES OF DIFFERING RELAXATION 
APICAL PART OF TUBER OF “UL’YANOVSKII” POTATO 


TABLE 
TIMES IN THE INTERNAL TISSUE OF 


Relaxation time 


Days after 


harvesting 


Phase and period . 
Short Average | 


Last phase of post-harvest ripening 23 
21 
20 
18 
17 
16 


First rest phase 17 
19 
16 
19 
18 
17 
18 
18 
15 
14 
15 


15 
15 
15 
15 


Second rest phase 


State of deepest rest 


Third rest phase 
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TABLE 1 (continued) 


Days after Phase and period 2 
harvesting Short Average 


Relaxation time 


65 Post-rest period 85 10 

66 82 12 

68 81 13 

70 81 13 

71 79 13 

74 74 14 12 

75 76 13 11 

77 14 14 
14 12 
13 13 
12 15 


Buds starting to grow : 13 14 

12 16 

14 14 

87 13 16 
89 : 12 15 
91 12 16 


92 i 12 15 


93 State of complete germination 72 12 16 
94 13 15 
95 14 16 
96 16 14 
98 16 14 
99 16 13 
100 18 11 
Note: The periods and phases are determined from the electrical conductivity of the internal 
apical tissue of the potato tuber. 


In the period of the third resting phase, in the internal tissue of both parts of the tuber there is an 
increase in the relative number of particles of the short and a decrease in the relative number of the 
particles of average relaxation time; these processes are very pronounced in the apical part. At the same 
time, in the apical tissue there is a slight fall; in the stolon tissue an increase in the relative number of 
particles with a longer relaxation time. All this suggests that the processes of disaggregation beginning 
in the internal tissue after emergence from the state of maximum rest continue with increasing intensity 
in the apical part of the tuber during the third rest phase. In the main, the same processes occur also 
in the stolon tissue at this time but are of a somewhat different character and less intense. After comple- 
tion of the rest period, before the start of germination the relative number of the particles of the short 
rel axation time in the internal tissue of both parts of the potato tuber falls (more sharply in the apical 
part), this is obviously connected with the intensive nutrition of the awakening buds. At the same time, 
in the tissue of the apical part there is an increase in the relative number of particles with an average 
and longer relaxation time which can be explained by passage of particles of short time from the internal 
tissue to the bud. 

In the tissue of the stolon part of the tuber the relative number of charged particles of average re- 
1 axation time increases simultaneous with reduction in therelative number od large particles. Conse- 





566 I. Z. LAZAREV 


TABLE 2. RELATIVE NUMBER (PERCENTAGES) OF CHARGED AND DIPOLE PARTICLES OF DIFFERING RELAXATION 
TIMES IN THE INTERNAL TISSUE OF STOLON PART OF THE “UL’YANOVSKII” POTATO TUBER 
Relaxation time 


Days after 
' Phase and period 


harvesting Short Average Long 


hase of post-harvest ripening 82 17 
81 18 

17 

17 

16 

16 

15 

it 

13 

13 


First rest phase 11 
11 
1] 
10 


Third rest phase 
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TABLE 2 (continued) 


, : Relaxation time 
Days after Phase and period —- - 
harvesting Short | Average Long 


65 80 13 
66 80 13 
68 80 12 


70 Post-rest period 80 11 
71 80 11 
74 80 12 
79 13 
79 15 
78 16 
78 17 


Buds starting to grow 77 17 
77 17 

16 

16 

15 


14 


14 
14 
15 
16 
16 
17 
17 
19 


State of complete germination 


UN 


9? 
94 
95 
96 
98 
99 
100 


saJysannnununns~ 
DDN NAnanwn 


Note: The periods and phases are determined from the electrical conductivity of the internal 


stolon tissue of the potato tuber. 


quently, in the internal tissue of both parts of the tuber at this time processes of disaggregation occur 


which, in the apical part are masked by egress of small particles. 

During germination, the molecular-structural state of the internal tissue of the apical part of the 
tuber remains virtually the same as at the start of germination. In the tissue of the stolon the relative 
number of small and average charged particles decreases and that of the particles of longer time increases. 
Consequently, at this time intense translocation of small and average charged particles occurs from the 
stolon to the buds, this compensates for the loss of particles in the apical part of the tuber. 

After complete germination the relative number of particles of short relaxation time changes little 
in the internal tissue of both parts of the tuber. At this time, the relative number of particles of average 
relaxation time increases and of particles of longer time decreases. Consequently, during growth of the 
stems, in the internal tissue of the tuber there occurs disaggregation of particles with longer relaxation 
time. Because of this change, the expenditure of small particles on nutrition of the growing stems is 
almost compensated. 

It is important to note that the molecular-structural changes described in the internal tissue of the 
potato tuber show good agreement with the known biochemical processes occurring in the tuber during 


storage [5]. 
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CONCLUSIONS 


The tangent method based on thecurves of the discharge current has been used to investigate the 
different molecular-structural features of the apical and stolon internal tissue of the potato tuber. The 
pattern of change in these features during storage has been established. 
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l. INTRODUCTION 


IN a previous paper arguments were presented in support of ideas on the co-operative 
nature of fundamental biological processes associated with the synthesis and behav- 
iour of biopolymers— proteins and nucleic acids [1]. The present paper aims at con- 
struction of a statistical-thermodynamic theory of the replication synthesis of DNA 
as a co-operative process. As is known, the secondary structure of DNA was estab- 
lished from X-ray diffraction methods by Watson and Crick [2]. DNA is in the form 
of a double helix in which the adenine (A) of one chain may be hydrogen bonded 
only to the thymine (T) of the second; the same applies to guanine (G) and cytosine 
(C). Thus, the sequence of the nitrogenous bases in one chain unequivocally deter- 
mines that of the second. It may be supposed from this structure that DNA replication 
occurs via separation of the primary double helix and synthesis of new chains from 
the material of the surrounding medium on old chains acting as a matrix (co-operators 
[1]. In such synthesis, the orderly complementary structure of the new chain is bound 
to be produced and instead of one double helix two appear identical with the original 
{[2, 3]. Such a model is in agreement with a number of experimental findings. The 
formation of the second chains precisely from the material of the surrounding medium 
is confirmed in the experiments of Meselson and Stahl who used DNA labelled with 
15N [4]. Kornberg was able to synthesize DNA in vitro and showed that it is achieved 
only in the presence of native DNA acting as a primer [5]. Some confirmation of the 
idea of the separation of the double helix preceding replication is afforded by the 
experiments of Bollum [6] who showed that in defined conditions heat, which usually 
leads to denaturation of DNA, i.e. separation of the double helix, contributes to the 
replication synthesis. 

We shall start from the model described. It is obvious that such synthesis can and 
must be the object of thermodynamic considerations. Since replication occurs it must 
be thermodynamically advantageous in certain conditions. These conditions must 
be found by theoretical examination and analysis of the possible equilibrium mechanism 
of the process. DNA synthesis, as is known, occurs with the participation of a cata- 
lyst—an enzyme [5]. Naturally, thermodynamics cannot contribute an answer to 


* Biofizika 6: No. 5, 513-523, 1961. 
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questions relating to the rate of the reaction and, in particular, role of the enzyme. 
However it does help in establishing the fundamental possibility and character of 
the process. In some phage DNA is apparently not in the form of the double but 
a single helix [7]. The theory proposed does not apply here. The preliminary results 
of the present work have been published earlier [8-10]. 


2. THERMODYNAMICS OF REPLICATION AND DENATURATION OF DNA 


We shall consider the initial and final states of the system formed by the double 
DNA helix and the surrounding aqueous solution of activated monomers (nucleoside 
triphosphates NTP). In the initial state there is one double DNA helix consisting 
of two chains with N nucleotides in each. By the final state there are two such double 
helices. We shall compute the difference in the thermodynamic potentials of the final 
and initial states assuming that DNA synthesis is a polycondensation process: on 
inclusion in the chain of each nucleotide, one molecule of pyrophosphate (PP) passes 
into solution [5]. 


A® = AF -+ pAV. (1) 


The change in volume AV may be disregarded. Change in free energy is expressed by 


AF = — N(2E, + E,) — 2NkT In ( a (2) 


Xpp 


Here, E, is the energy released on polycondensation of one NTP, E, the mean change 
in energy on formation of hydrogen bonds between two nitrogenous bases. E, must 
depend on the relative content of the guanine-cytosine and adenine-thymine pairs 
since A-T are joined by two and G-C by three hydrogen bonds. We have 


Ey = aE go + (1 + @)Ear, (3) 
where « is the fraction of G-C in DNA 
ae [G-C] 
[A-T] + [G-C] 


The effective mean concentration of NTP in solution, ¥y;p, may be found along the 
following lines. Change in the entropy expressed by the second term in (2) may be 
represented in form 


(4) 





AS* = Nak n(a 7 + Naktn( a) + 


Xpp Xpp 


(5) 
+ N(1— ak in(a*) + Nii - aka *s); 

Xpp Xpp 
Where g characterizes the change in the inherent entropy of the nucleotide on passage 
from solution into the chain with release of PP into solution. We assume q is be equal 
for all four nucleotides xz, x,,x, and x, the concentrations of the corresponding 
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NTP’s in solution, xpp is the concentration of PP. Expression (5) is reduced to the 
form 


AS* = 2Nk in (x4.x4xh-exh-*)!!2 | (5a) 


Xpp 


Xyrp = (xGXOXk “XE *)*. (6) 
Xyxrp 


It is easy to see that for x» = xX, =X, =X, = 4 


a Xx; 
“yTp = = 
Replication occurs if 
A® ~ AF2 0, 


2E, +E, + HT in(g ra 0. 


Xpp 
Replication ceases for a certain critical value xpp equal to: 
2E, + é) 


9 
2kT © 


X* pp = QXyrp ex 


In certain conditions separation of the double helix may be thermodynamically ad- 
vantageous without subsequent replication, i.e. denaturation occurs (see, for example, 
[4]. In this case, the liberated chains must coil into statistical balls; the hydrogen 
bonds between the nitrogenous bases are replaced by bonds with water molecules. 
The difference in the free energies of the separated chains and the double helix may 
be represented in the form 


AF’ = NE, —2NkT Inq’, (10) 
where q’ expresses the change in the inherent entropy of the chain related to one 


nucleotide. It is obvious that the condition of denaturation takes the form 
AF’<s 0, (11) 
E, — 2kTInq’ <0. (12) 


The fate of the DNA double helix depends on the ratio of the values AF and AF’. 
If 

AF < AF’ and AF< 0, (13) 
replication is realized. If 

AF’ < AF and AF’ < 0, (14) 
then denaturation occurs. For AF = AF’ both processes are thermodynamically 
equally probable. If conditions (13) and (14) are not fulfilled, then the double helix 
remaines unchanged. 


1* 
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3. NUMERICAL EVALUATIONS 


We shall consider in greater detail the values E,, E., q and q’ which determine 
the conditions for transition. E, is the energy given out in the process of polyconden- 
sation of NTP, i.e. the difference in free energies of the macroergic bond in NTP and 
the phosphoric ester bond in DNA. The free energy of hydrolysis of ATP is of the 
order of 6-7 kcal/mole [11]. We do not have at our disposal data on free energy of 
hydrolysis of the phosphate group bound in position 3 with deoxyribose. However, 
from comparison of the data for a number of similar compunds, in particular, glu- 
cose-6-phosphate [12], it follows that this energy must be about 2-3 kcal/mole. Thus, 
it is reasonable to assume a value of E, ~ 4 kcal/mole. 

It may be assumed that all the changes in entropy of the chains on denaturation 
are determined by the flexibility of the chains. Then g’ ~ z where z is the number 
of conformations of the link of a single polynucleotide chain. The link contains five single 
bonds and for each bond there are two or three rotational isomers. Since, because of 
steric restrictions, probably not all the conformations possible are realized, z must 
be of the order of 10-100. 

In the literature, there are no reliable findings on the values of the energies of 
hydrogen bonds. The values calculated by Sturtevant, Rice and Geiduschek [13] were 
obtained by taking the heats of ionization of denaturated and native DNA as zero, 
which is apparently untrue [14]. Probably, the values of the weighted energies of the 
hydrogen bonds for various pH values and ionic strengths lie between 3 and 7 kcal/mole. 
Since in the numerical evaluations we are interested only in orders of magnitude, 
then we shall take the value for the energy of the hydrogen bond for roughly identical 
contens of G-C and A-T as equal to 5 kcal/mole [13]. 

Marmur and Doty [15] established the following relations between temperature 
of denaturation T,,,,, of DNA and the content of G-C 


Taena, = (342 + 41a)°K 


which is in qualitative agreement with formula (12) which taking into account (3) 
also implies a linear dependence of 7,,,,, on «. Knowing the value E, for one value 
of «, we can derive from the data of Marmur and Doty the values of E,,, Ege and 
z. If for « = 0-5 we take E, = 5 kcal/mole, E,, = 47 kcal/mole, Eg, = 5:3 kcal/mole 
and z = 32. The magnitude q has the value 


_ 9a 
192 


q 


where g, and gq,’ are the actual statistical sums of NTP in solution and on the matrix 
and q, and g, are the actual statistical sums of free PP in solution and PP in NTP 
attached to the matrix by hydrogen bonds. Considering that the molecules in solution 
have independent degrees of forward and rotatory motion, lost on fixing the molecules 
on the matrix, we find g ~ 10-*. The vibratory degrees of freedom have already been 
allowed for in the value E, which is determined from the equilibrium constants. We 
shall now evaluate the critical ratio of concentrations, x}p/Xyrp, at which replication 
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ceases. We shall consider that E, = 4 kcal/mole, E, = 5 kcal/mole which corresponds 
to a 50 per cent content of A-T and g = 10~°. If the concentrations of all four nucleo- 
tides are equal, then the critical ratio at 37° is 

FP 400 

Xnrp 
In the experiments of Kornberg on DNA synthesis in vitro at Xpp/Xy_7p ~ 100 repli- 
cation still occurred but at a reduced rate [5]. 

We see that the thermodynamic conditions for replication are fulfilled until x,, 
exceeds Xyrp by 107-10° times. In the cell these concentrations are of the same order, 
Xpp may also be less than xyqp. Replication does not occur continuously apparently, 
chiefly, because of kinetic factors. The process requires the presence of an enzyme 
and also inorganic salts. The content of catalyst may change markedly at different 
stages of cell development. 


4. STATISTICAL CONSIDERATION OF REPLICATION AND DENATURATION OF DNA 

We have defined the conditions for replication and denaturation as thermody- 
namic transitions. These transitions may be abrupt or gradual. To establish the character 
of the transition it is necessary to make a statistical investigation allowing for the 
intermediate states of the system during replication or denaturation. Thus, on sta- 
tistical examination, the mechanism of the process is to a certain degree defined. Of 
course, neither thermodynamic nor statistics provide answers to the problems of the 
rates of the transitions. 

We shall use the model proposed in [8-10], and consider that the separation of 
the double helix occurs from one end. The calculation is virtually the same if we 
consider separation from both ends. The intermediate state corresponds to rupture 
of r hydrogen bonds between the bases and liberation of 2r links of the two DNA 
chains. The complete statistical sum is written in the form 


(15) 


where Q,, is the statistical sum of 2r of the liberated DNA links. To compute Q,r 
we shall use the method of Ising [1] and consider that each of the 2r links may be 
in three states: (1) the “appropriate” NTP from solution (A to T, T to A, G to 
C, C to G) is attached to the link by hydrogen bonds; (2) an “inappropriate” NTP 
from solution is attached to the link; and (3) the link remains free, i.e. it may attach 
to a molecule of H,O. States 1, 2 and 3 will be characterized by the following free 
energies: 


1) F. = —E,—&kT in (x _ (16) 
1 


2) F, = —E,—kTIn [Se 4), (17) 
1 


3) F, = — kTinz. (18) 
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Xerp differs from Xypp Since to each link of the chain one “appropriate” or “inappropri- 
ate” NTP’s may attach. We have 


Xierp = [(x — Xe)? (X — Xe)* (KX — X4)!—* (X—Xq)!- Fs, (19) 

where 
Xx = Xyrp 
For x, — X7 = Xe = Xe 
Xerp = */4x. 

It should be noted that we have directly used for each link the mean values of E, and 
Xxrp- The same results may be given by strict averaging considering that on summing 
the states of 2r liberated links, ar contain G, ar contain C, (l—«)r contain A and 
(1—a)r contain T. If “appropriate” NTP’s are attached to adjacent links, then poly- 
condensation occurs with formation of a phosphoric ester bond and release into 


solution of one PP molecule. Thus, if the given link is in state 1 and the following 
link also in state 1, additional change in the free energy occurs by an amount: 


F, = —E,+kTin (:e * (20) 
q2 


The co-operation of the process consists of this. In the expression given, one should 
strictly speaking use not the molar concentrations but the molar fractions of NTP 
and PP but as only their ratios figure in the final results we shall therefore continue 


to make use of molar concentrations. 


The statistical sum Q,r of the co-operative system considered may be represented 
as the spur of the matrix of probabilities [1] taken for the 2rth degree. The matrix has 
the form 


P(1,1) P(i,2) P(i,3)' 
P= P(2,1) P(2,2) P(2,3) (21) 
P(3,1) P(3,2) P(3,3) 


where P(i,k)(i,kK = 1,2,3) is the thermodynamic probability that the given link is in 
state i, if the following link is in state k. Writing 


we get in our case 


The spur of the matrix taken for the 2rth degree 


Spur P2" = 4% + 23" + »¥ = Q2,, 
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where 2,, Ag, A, are the roots of the characteristic equation for the matrix P. If 2r > 1 
then, 


Ow & Max 
where Anax is the largest of the roots A;, A, and A;. The characteristic equations has the 
form 
A3 — 22(ay + dg + as) + A(ajas — 4,4, — aa; + apa3) = 0. (23) 
The largest root 








Amex 


, 2 , rae 2 MW, 
Stee ee as) + aa + | (24) 


For the adopted values of E, and E,, etc. over the whole range of concentrations and 
temperatures of interest to us a, anda’, < ay, a; i.e. the probability of attachment 
of a NTP by hydrogen bonds without polycondensation is very low. In fact, for 
Xxqp ~ 10-*M (concentration in Kornberg’s experiments) a, and a’, have values of 
the order of ~ 10-5, whereas a, at room temperature ~ 30 and a, at the point of re- 
plication ~ 10%. Consequently, with a high degree of accuracy 


Amax 2 42 for a, —a,>0 (25) 


Amax & ars for a, — a, =90 (26) 


Amax &¢ 43 for a, —az< 0. (27) 
For r fixed, the mean number of polymerized links I, is equal to 


L= alnQ», ~ 9 tnmax (28) 
Olna,; dlna, 


It is easy to see that for A,,., & a, /. = 0, i.e. replication does not occur. For Amsx 2 Qs, 


max —— 


|.~2r ice. new DNA chains are synthesized on the liberated ones. Finally, for 


az + as a3 


land 
max — 


=r, since here a, = a3. The full statistical sum (15) 


rN » l.a2r- 


a, + ay 


N = 
rE, 
Q = pa exp . ee (29) 
= kT 


Replacement of Q2, by Anax is legitimate for r > 1. We, however, use this in all terms 
of the sum from r = 0 to r= N. It can be shown that a stricter solution taking into 
account in Q,,, Az" (A; = 0) does not essentially change the result. 

We have 


is equal to 


qNt+i_] 
= ? 


a—1 
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E 
a = 2%, exp| ——}- 
| it) 


The mean number of separated links is 


N 
ic N+2__ (NL ])gN41 1. 

ff = pS ra’ =: Na a WN - atti +a (31) 
OQ — qNt+2_— gNt+1l1_ qo] 


It is easy to see that for sufficiently large N, r =~ N for a>1 and r= 0 for a< 1. 

Thus, the case a < 1 corresponds to retention of the original double helix and 
case a> 1 to complete separation of the chains with subsequent replication or dena- 
turation depending on the relation of a and a,;; a= 1 determines the point of replica- 
tion (or denaturation). 

These conditions for replication and denaturation naturally coinicide with condi- 
tions (8) and (12) obtained from purely thermodynamic considerations. 

Figs. 1 and 2 show fF as a function of Xyzp/Xpp for replication and 7 as a function 
of temperature for denaturation. It is clear that already for N ~ 1000 the transitions 
virtually become absolutely abrupt and have the character of a phase transition. 

P/N 

10 


























Fic. 1. Variation of degree of replication of Fic. 2. Variation in degree of denaturation of 
DNA with ratio of concentrations of NTP and DNA with temperature. 
PP in solution. —first model, —-—-second 

model. 


It should be noted that the denaturation transition for the copolymer A-T (15) 
has an abruptness corresponding to N ~ 300. The reasons are firstly that our theory, 
starting from the “zipp-fastener” mechanism, does not allow for the possibility of 
ruptures of the hydrogen bonds in the centre of the chain [16] and secondly, the helix 
is not ideal but consists of separate helical areas of fairly great length alternating with 
small non-helical zones. In the latter case, the individual helical areas will be dena- 
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tured independently and N will be much smaller than the value determined from the 
molecular weight. 

A number of findings suggests that synthesis of the new DNA chain occurs by 
successive attachments of NTP to the 3’-nucleoside end of the growing chain [17]. 
Owing to the “antiparallel” nature of the DNA chains replication in this case must occur 
by the scheme depicted in Fig. 3 [18]. 

For such a model the accurate statistical sum is written in the form 


N—1 r N- N N 


QO =)" = Sy Satay ae BS" Sat ; 
i=0 1=0 p=0 


r=0 


The first term refers to states in which the DNA chains are still not separated and 
are held by at least one hydrogen bond. The intermediate is taken as the state in 
which r hydrogen bonds are torn at one end with growth of a new chain from i nu- 
cleotides while from the other / hydrogen bonds are torn with growth of a chain from 
p nucleotides. The second term refers to states in which all the hydrogen bonds have 
been torn and synthesis occurs on single DNA chains. The intermediate is taken as 
the state in which on one chain another is built from r’ and on the other from r’’ nu- 
cleotides. 

Summing, we get 


l 


— 2 N _ 
go-to + 1) 





(1— | (1 —b)2(1—B,b,)? (1 PAL yb) 
__bbY*"b,—1) | _ Not Mi bY b,(by oo 1)(1—25,b, + 5.) 
(1 — b,)(1 — b,b,) 1— 5, (1 — b,)(1 — b,)(1 — 5,5.) 
NEN+2 
— NBs + of — 2opones + ong | (33) 


1 — bb, 








At low temperatures when denaturation is thermodynamically disadvantageous 
b, < 1. In addition, as follows from thermodynamics, the replication may occur only 
given the condition b,b3>1. Hence, we are interested in the region 5, < 1 and 
b,b. < 1. In this case we may ignore terms of the order bY and (b,b,)". Then 


l (b, — bi) b3 


~ (34 
(1 — b,)? (1 — },8,)? (1 — b,)* 





The mean number of attached NTP’s is equal to: 
2b,b, , 2N (b,b3)"b3 = 2(b,b2)"b3 
b,0Q  (1—5,)? (1 — 5,5,)* (1 — 5,)? (6, — 1)° 
Q ab, 1 (6,55) bs 
(1—b,?(1—5,5,)? (1—5,)° 








2r = 
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if b,b3 < 1, then 27 ~ 25,b,/1—b,b,, and if b, is low, then r is also very low. If 5,b? 
> 1, then 27 ~ 2N—1/(a,—1), i.e. r is close to N. 

Thus, point 5,5 ~ 1 is in effect the point of replication. However, as Fig. 2 shows 
at this point r is not equal to 0-5 N as on consideration of the previous model but 


Fic. 3. Scheme of sequential replication of DNA. 


to roughly 0-2 N. This is to be explained by the réle of the intermediate states on in- 
complete separation of the chains when synthesis of new chains is less advantageous 
since the rupture in a given hydrogen bond may lead to growth of only one chain. 
The character of the transition remains the same as for the preceding model. The 
abruptness of the transition increases with increase in N. Both in the thermodynamic 
and statistical calculations we have not yet considered the polyelectrolyte nature of 
the DNA and the réle of ions. This is, of course, necessary especially for investiga- 
tions of the effect of pH and ionic strength of the medium on replication of DNA. 
The general method of calculation and the main results thereby obtained do not need 
substantially change. Allowance for electrostatic factors apparently leads only to 
changes in the numerical values of the parameters used [19]. These changes need not 
be significant if the concentration of salts in solution is high enough since in this case 
the interaction of the negatively-charged phosphate groups is reduced through screen- 
ing by counter ions. 

One remark must be made. If we consider the process of synthesis of new chain 
on the mastrix as reversible at all stages, then the possibility of degradation of the in- 
itial DNA chains would also have bo be taken into account. Experimentally, how- 
ever, such degradation is not observed. This is apparently due to kinetic factors which 
lead to irreversibility of the attachment of the last, or several of the last links in the 
new chain growing on the matrix. Within the confines of equilibrium statistical theory 
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such irreversibility cannot be taken into account. At the same time, the incorpor- 
ation of labelled PP into the free NTP’s observed in Kornberg’s experiments [5] indi- 
cates that the intermediate stages of replication are reversible. It may be expected 
that for a long length of the DNA chain, the irreversibility of the last stages has no 
fundamental effect on the character of the process. Therefore, in the statistical study 
we have considered the process of replication as reversible at all stages including the 
final ones but have not allowed for the possibility of degradation of the initial DNA 
chains. In model theory, where we are not laying claim to a complete physical 
description of the process, such an inconsistency seems to us permissible. 


5. POINT MUTATIONS 


A number of factors suggest that point mutations are disturbances in the order 
of disposition of the nucleotides in DNA molecules laid down genetically. It is not 
known whether spontaneous mutations are the result of disturbance in the precision 
of replication synthesis or damage to an already finished structure. Therefore, it is 
of interest to investigate the problem of possible errors in the transmission of genetic 
information on replication of the double DNA helix. In [10] it was shown that the 
probability of attachment of “inapropriate” NTP that was not bound with the ad- 
jacent nucleotides in the chain is vanishingly small. Fresco and Alberts [20] showed 
in double helices of synthetic nucleotides that loops are formed in chains which con- 
tain nitrogenous bases not corresponding to one another. Fresco and Alberts argue 
that such loops may serve as model for point mutations. In paper [20] the loops were 
detected only in synthetic polynucleotides on joining of already formed single chains. 

There are as yet no grounds for considering that the possibility of loop formation 
in the DNA double helix during replication has been demonstrated. Nevertheless, 
we tried to evaluate the thermodynamic probability of loop formation in this case [21]. 

From the conditions of replication (8) formulae were derived for the probabilities 
of formation of various types of loops in DNA. (In [18] averaging was incorrectly 
done and therefore their formula (2) must be replaced by formula (6) of the present 
work. The other results of work [18] do not change.) 


PROBABILITIES OF “LOOP” FORMATION 





Link contains in the normal state 
Gor C | A or T 





Type of loop 





1-4x 10-4 4 x10-4 
10-? | 2:5 x 10°? 
1-5x 107? 

2-0 x 10-* 





Starting from the values adopted for the energies of the hydrogen bonds 
E,. = 47 kcal/mole and E,, = 5:3 kcal/mole, we obtain for the types of loops depicted 
in Fig. 4 the following values for the probabilities of loop formation in the given 
DNA link (see table). 
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We do not know what type of disturbance in the order of the nucleotides leads 
to the emergence of experimentally observed mutations and therefore it is difficult 
to evaluate the actual probabilities of spontaneous mutations, however, it is clear 
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Fic. 4. Scheme for various types of loop formation. O, non-mutated state; I, II, III and IV, loops of 

various types in link A-G; — chemical bond between nitrogenous bases; -~ hydrogen bond 

between nitrogenous bases; k, nucleotide. (k = A, T, G, C). In I k’ = T, G, C; in III and IV k’ and 
k’’ are anv substances. 


that our values for the probabilities are too high. If replication occurs with excess 
content of NTP as compared with the critical level then the probability of loop forma- 


cri rit 
ANTP “NTP 


loop formation is very probable. In addition, from the theory outlined stems the great- 
er probability of mutations of type I and II in links containing G or C as compared 
with those containing A or T, which must lead during evolution to rise in the C and 
G component in DNA, but this is not observed. 

Therefore, we conclude that if the loops correctly model point mutations, then 
their formation is regulated not by thermodynamic but by kinetic factors—presence 
of a high activation barrier leading to a sharp fall in the probabilities of loop forma- 
tion. This conclusion is in agreement with the ideas developed by Pasyn- 
skii [22]. 


: x 2 
tion of type III increases by a times and of type IV by( =) with the result that 


SUMMARY 


From general ideas on the co-operative character of the synthesis and conversion 
of biopolymers we have calculated the thermodynamic conditions for replication 
and denaturation of DNA in the double-helix model of Crick-Watson. The results 
are not inconsistent with findings relating to DNA synthesis in vitro and concur with 
the data on denaturation of DNA. Statistical investigation of the co-operative tran- 
sition on the basis of the “zipp-fastener” model shows that both replication and de- 
naturation of DNA have the character of sharp phase transitions. Evaluation of the 
thermodynamic probabilities for the formation of “loops” on replication of the DNA 
double helix lead to too large probabilities for point mutations, modelled as loops. 
If this model is true, then mutation is limited not by thermodynamic but by kinetic 


factors. 
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1. INTRODUCTION 


AT the basis of contractibility in all its manifold manifestations in living systems is 
one fundamental feature: the mechanical work is performed by biological systems 


t Biofizika 6: No. 5, 524-533, 1961. 
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through direct utilization of chemical energy. Systems capable of effecting the direct 
conversion of chemical energy (or, in general, the energy of molecular interactions) 
into mechanical work are called mechanochemical systems. Mechanochemical phe- 
nomena were first studied by Engel’gardt and Lyubimova [1] on myosin gels. Research 
in this field was considerably extended by the schools of Szent-Gyérgyi [2] and Weber 
[3] on various types of model systems (actomyosin threads, glycerol-extracted muscle 
fibrils and fibres). All these systems perform work via the chemical energy accumu- 
lated in adenosine triphosphate. 

An important step forward towards understanding the nature of mechanochemical 
processes resulted from the work of Kuhn and Katchalski et al. [4-7], on synthetic 
polyelectrolytes. In these systems conversion of chemical energy into work derives 
from utalizing the energy of ionization of the polyions. The reverse process of con- 
version of mechanical work into chemical energy (in particular, into the energy of 
ionization of polyins) was recently studied by Kuhn and Aleksandrovich for synthe- 
tic polyelectrolytes and by one of us [8] for nucleoprotein gels. (We learned of the 
unpublished work of Kuhn and Aleksandrovich from an unpublished article by Ka- 
tchalski et al. [9] after publication of paper [8].) 

One of the essential conditions for mechanochemical activity is undoubtedly the 
ability of the system to bring about reversible deformations. It is clear that only ma- 
cromolecules with configurational elasticity can make up mechanochemical systems 
[10]. Both natural and artifical mechanochemical systems must have a certain 
stretched network of interwined macromolecules. The behaviour of such systems may 
be accompanied by a number of phenomena which in principle are possible only for 
macroscopic extended systems as, for example, change in the degree of swelling or 
the degree of interwining on application of chemical factors. 


In the present work we shall not deal with these aspects but concentrate on that 
category of mechanochemical phenomena which may occur at the level of the indi- 
vidual macromolecule. In principle, two types of such mechanochemical phenomena 
are possible, related respectively to displacement of the macromolecules relative to 
one another and to movement of the individual parts of the macromolecules (un- 
coiling and coiling of the chains). The first of these processes is covered by Hanson 
and Huxley’s hypothesis of muscular activity [11, 12] according to which the relative 
displacement in the macromolecules of myosin and actin is the cause of the activity 
of the muscle. We, however, shall confine ourselves here solely to mechanochemical 
processes of the second type, i.e. phenomena connected with conformational changes 
in macromolecules. These phenomena are only possible for systems of synthetic poly- 
electrolytes and probably (see, for example, [13, 14]) form the basis of biological con- 
tractility. 

The cause of the mechanochemical phenomena connected with change in the con- 
formation of the chains is a co-operative reaction involving the side groups of the 
chain or molecules or ions sorbed on them. The reactions are co-operative in that 
the velocity constant of the reaction for each group depends on the group’s position 
in relation to the adjacent groups. Change in the mutual position of the groups ac- 





Neighbour interaction in polyelectrolytes and mechanochemistry 583 


companying change in the chain conformation, must consequently shift the equi- 
librium of the chemical reaction. On the other hand, the dependence of the free energy 
of the side groups entering into the reaction on their position with respect to the ad- 
jacent groups (which accounts for the similar dependence of the rate constant of the 
reaction) has the effect that the equilibrium dimensions of the chains are dependent 
on the fraction of reacting groups [15]. 

A whole series of reactions in chains which are undoubtedly co-operative are now 
known. They include, in particular, the reactions of hydrolysis of the polyesters of 
methacrylic acid (see for example, [16-19]) and poly-N,N’-dialkylacrylamide [20] 
which are essentially dependent on the mutual position of the reacting groups, and 
electrical phenomena in polyelectrolytes (titration and sorption of ions) which for 
polymers differ fundamentally from similar phenomena for monomers [21-25] and 
also depend on the mutual location of the groups [26-28]. 

The present paper is concerned with the simplest case in which the mechanochem- 
ical phenomena are due to dissociation and recombination of hydrogen in the 
polyelectrolyte chain. As is known, the dissociation constants of ionizable groups 
in a partially or completely charged polymer are always less than the corresponding 
constants for the monomer, through electrostatic repulsion of adjacent charged groups 
[21-24], and are dependent on the chain configuration [25-27]. It is obvious that here 
we are dealing with a typical co-operative reaction which manifests itself in mechano- 
chemical phenomena. The more complicated case of sorption of opposing ions will 
be considered by us later. 


2. STATISTICAL SUM OF POLYMER CHAIN 


We shall consider an arbitrary macromolecule, each monomer unit of which con- 
tains one ionizable group. The energy of the molecules depends on the states of ioni- 
zation of the individual groups and on the configuration of the monomer units. We 
shall regard the individual macromolecule in the field of an external force as a sta- 
tistical ensemble characterized by the external force f, the activities of the ionizable 
groups in the ionized and non-ionized states (a_ and ay if for the sake of definition 
we are considering a polyacid) and the temperature T. We would note that in view 
of the constancy of the total of ionized and non-ionized groups, the ensemble consi- 
dered is intermediate between the isothermical-isobaric and the generalized state 
[29]. In accord with these remarks the statistical sum of the macromolecules has the 
form (cf [30}) 


z=\zie * dh, (1) 


where fA is a vector joining the ends of the chain, 


n 


7 E {e,} ({Q4}) 
Z (h) = Ce} (Gi tar “*” - 
h 
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n is the degree of polymerization, a-,, the activity of the ith group in the state of 
ionization ¢; (¢;=0 or ¢, = 1), Q;, the configuration of the ith monomer unit, 
E{e,} ({Q,}), the energy of the macromolecule depending on the set of configurations 
of the monomer units Q; and the ionization states of the monomer units {<e}; sum- 
ming is done for all the sets {e,} and for all sets {Q;} compatible with given h. Equa- 
tions (1) and (2) describe the macromolecule as a linear co-operative system with 
correlated configurations and states of ionization of the monomer units and also 
their orientation in relation to the external force. The average degree of ionization 
of the chain « and the mean length of the chain ¥ are determined by the equa- 


tions 


4) 
aaa (272 3) 
n\0lna_ jars 


(4) 


As will be seen from equation (2) for system with a fixed total number of ionizable 
groups, « and X depend solely on the ratio of the activities a = a_/a, related to the 
pH of the medium by the known equation 


log a = pH — pK’, (5) 


where pK? is the dissociation constant of the ionizable group (in the absence of 
interaction with other groups). Equation (3) is a link between the mean degree of 
ionization of the molecules, the pH of the medium and the force (in particular, for 
f= const. it gives the titration curve of the extended polyelectrolyte chain and for 
a = const. the change in pH of the medium on extension of the polyelectrolyte chain 
with a constant degree of ionization). Equation (4) is a link between the »:can length 
of the chain, the pH of the medium and the force (in particular, for pH = const. it 
gives the deformation curve of the polyelectrolyte chain extended in a medium of 
constant pH). 
Integrating equation (1) for angular coordinates gives [30]: 


z= 24| 


sinh ) . (6) 
xh 


where x = f/kT and Z, is the statistical sum in the absence of an external force with 
a distribution function determined by equation (2). 


3. CONVERSION OF CHEMICAL INTO MECHANICAL ENERGY 


As was previously shown by one of us [31] the effect of free charges on the prop- 
erties of macromolecules in salt solution can be divided into the distant action, 
similar to volumetric effects, and interaction of the charged groups closely arranged 
along the chain. It was shown in [32] that calculation of (6) by means of a distribution 
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function allowing for the volumetric effects for moderate forces (sufficient for orien- 
tation of the chain as a whole) leads through (4) to equation 


(7) 


where h?, is the mean square distance between the ends of the chain allowing only 
for the interaction of groups closely arranged along the chain. Equation (7) which 


FY he 
to be applicable must satisfy 1 < - 


<n, shows that for moderate forces 


the deformation curve does not depend on the volumetric effects and consequently 
not on the interaction of distant (including those along the chain) charged groups. 
Therefore, the mechanochemical phenomena in the macromolecules of polyelectroly- 
tes must be wholiy determined by the interaction of the neighbouring charged groups. 

The value /2 in equation (7) is dependent on the degree of ionization i.e. on the 
pH of the medium. Lifson [25], after assuming that #2 is affected only by the inter- 
actions of adjacent charged groups, obtained a decrease in h? of polyvinyl chains 
with a rise in «. The explanation of this result is that Lifson attached equal statistical 
weight to all nine possible rotational isomers of the uncharged monomer unit but 
repulsion of the charged groups stabilizes the rotational isomers corresponding to 
a coiled configuration of the chain. Consideration of the real configurations of the 
monomer units and also the interactions of the closest non-adjacent charged groups 
[26, 27] confirms this result of Lifson only for sindiotactic chains of the type 
(—CH,—CHR—)n; for isotactic chains 4? must increase with «. It is possible that 
allowance for interaction of the suceeding neighbours (not changing the gaussian 
character of the distribution function and therefore influencing h?) will lead to rise 
in h2 with rise in « for sindiotactic chains also. 

From equation (7) it follows that if dh?/dx>0, then the polyelectrolyte chains 
in a field of constant force stretch on ionization and contract on reduction in the 
degree of ionization, and if dh?/dz. < 0 the reverse is true. The experimental findings 
on synthetic atactic polyacids (see, for example, [6]) show that they contract on re- 
ducing the degree of ionization (by addition of HCl), i.e. for them he increases with «. 
On the other hand, for molecules of synthetic polypeptides carrying ionizable groups 
h2 in the region of the spiral-ball transition decreases with increase in « since the 
increased degree of ionization destroys the elongated spiral structure of the chain 
[33-36] (see below). The sign of the derivative, dh? | da, depends therefore on the 
specific structure of the chain, which determines the distances between the near 
charged groups in the elongated and coiled configurations of the macromolecules 
and may differ for different chains. 

The dependence of h? of the macromolecule on the difference in energies between 
the rotational isomers can in many cases be represented in the form (see [10—38]): 


h — Preece rot.” £ ? (8) 
g 
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where Breve rot. 18 the value A? for free internal rotations in the chain, g = exp(— AE/kT 
where AE is the difference in energy between the rotational isomers corresponding 
to the coiled and elongated conformations of the chain and A is the size of unit 
sequence, with comparative weak dependence on AE. Disregarding the weak de- 
pendence of A on AE, we get from equation (8) for completely charged chains 


= _ 4Ee 
(Renu: = (D.-0e *, (9) 


where AE, is the difference in energies of interaction of free charges in the coiled 
and elongated configurations of the chain. For partially charged chains equations 
of type (8) are, strictly speaking, inapplicable owing to differences in the conditions 
of rotation around the bonds separating the charged and uncharged groups. However, 
substituting in g, the mean energy difference for various successively charged and 
uncharged forms 


AE~ AE oo (1 — a)? —- 2A Eo-% (1 — x) ote AE_o? 


and assuming AE, ~ AE, we get approximately 


AEe 
—# a (10) 


(h2)a ~ (h?)x 0 e 


If AE, > 0, ‘he increases with « and for f = const., the chain stretches on ioniz- 
ation; for AE, < 0, Aj? decreases with increase in « and for f = const. the chain 
contracts on ionization; for AE, = 0 the system is not co-operative; change in the 
state of ionization does not affect the probability of different configurations and, 
consequently, the length of the chains for f = const. does not depend on «. 


4. CONVERSION OF MECHANICAL INTO CHEMICAL ENERGY 


Equations (1)—(3) for f = 0 give the titration curve for the unextended chain. Such 
a curve computed by Lifson [24, 25] for a chain in which the conformations of the 
adjacent monomer units for a given distribution of charges do not depend on each 


other, i.e. E{e} ({Qi}) = SE. ¢,, ,(22i) has the form 


. % >\2 IP 
gumtvan ts (1 +7) -1] . (11) 
u—_| u 


where the plus sign corresponds to «> 1/2 and the minus to «< 1/2 and 6 = 
= (1 — 2)?/2a(1 — a), 


kT dQ; (12) 


Equation (12) is the conformation statistical sum of the ith monomer unit in the sta- 
tistically coiled chain and uv = Wpoil__/ty_tt_o. 
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For f— oo the integral in equation (1) is in effect the sole term corresponding 
to A,,,, so that Z is expressed by equation (2) with h = h,,,,, i.e. 
n Fe, }(KAD}Om 


lim Z = Z(Imax) =)" [] de,e kT (13) 


— {ej} i=1 


where {Q;}™ is the set of conformations of the monomer units corresponding to 
Anax» 1-€. regular, flat or spiral chains. From equations (3) and (13) for the case 


Ep. (QH) = Fees 1(Q;) we get 


(14) 


where u™, ,, =exp[— Ei, «i+1(Q!™)/kT] is the conformation statistical sum of 
the monomer units in maximally elongated chains and u™ = ufy (yy im, 

For wo = u and u=1, which corresponds to the absence of interaction of 
charged groups, then both equations (11) and (14) give the titration curve for 
a monobasic acid a = a/(1 —«), i.e. (see equation (5) ) 


of 


pH = pK?.+ log (15) 


l—«a 

The difference in the polymer and monomer titration curves is characterized (in 

the approximation considered and on the assumption that upp = uw = u_o) by the 
value: 

; = 
ApK — a — l /2) = PH, o1ymer(@ —_ 1/2) bias log er Take (16) 
Uoo 
Since the forces of repulsion between similar charges lead to u%” < ug, ApK < 0, 
i.e. the curve for the polymer runs higher than for the monomer (see Fig. 1 where 
x . ° - _ . 
the dependence of pH —log———_ on « is given). If u&™/u“™ > u__/Ugo, i.e. the 
l—« 

interaction of the charged groups in the stretched chain is weaker than in the statis- 

tically coiled ball (AE, < 0) then! ApK“™ | > | ApK'|, i.e. the titration curve for the 

polymer on stretching approximates to that for the monomer (for a given « the pH 

falls). If u’”/u'" < U__/u,o, i.e. the interaction of the charged groups in the stretched 

chain is stronger than in the ball (AE, < 0) then| ApK‘”|>|/ApK| i.e. the titration 

curve for the polymer on stretching moves away from that for the monomer (for 

a given « the pH increases). For u(”/u\™) = u_/tig, the interaction of the charged 

groups does not depend on the conformation of the chain and stretching does not 

change the titration curve for the chain. Since on titration of weak polyacids or poly- 

bases the value « is virtually wholly determined by the amount of added alkali or acid, 

stretching of the polyelectrolyte chains in closed systems occurs for « ~ const. Thus, 

stretching of the chain must be accompanied by change in the pH, the maximum value 


wh 
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of which is log (a‘”/a). In particular, when «=0, ApH,,,, =0, for « = 4, 
ApH,,.. = ApK™ — ApK and for «=1, ApH, = 2 (ApK™)— ApK). Con- 
sequently, the maximum changes in pH may be of the order of ApK, i.e. of the order 
of 1. Since the accuracy of the determining the pH is ~ 10-*, then these changes can 
be found experimentally. 

The dependence of pH on the applied force for any values of f for « = const, may 
be directly derived from equation (6). We have 


1 /dInZ r 
pH= pk*— ~ = PHyn0— 7] 5 In( = ) ; (17) 
n Ox T.f n| oa xh T,f 


For small forces sinh (xh)/xh = 1 + x*?/6*, whence using equation (10) we get 


6n \kT 

AEe 
AE, -¢s3 
pike 


\2 Ap2 
A pH= pH — pHao = — a dhig _ 
da 


or with equation (7) 


3 7 
ApH “a a : e . (19) 
Equation (18) and (19) again show that ApH < 0 if AE, > 0 and vice versa. The 
presence of a maximum in the curve relating ApH to « for ¥ = const., following from 
equation (19) for AE, > 0, is connected with the fact that for AE, > 0 the force nec- 
essary for fixing the given length of the chain decreases (away from saturation) with 
increase in the degree of ionization. For large forces the mean length of the chain 
does not depend on the force and the ApH, both for f = const. and ¥ = const., in- 
creases monotonically with « (see Fig. 1). We note that for f—> co equation (17) leads 
as expected to equation (14). 


pH-togar p-ct) 











S.. 1 
0 05 10 a 
Fic. 1. Titration curves of stretched and unstretched polymer and monomer. 1, 


monomer; 2, polymer, f= 0; 3, polymer, f= co, AE,> 0; 4, polymer, f= ©, 
AE, < 0. 


* The equation is untrue for very low forces insufficient for orientation of the chain as a whole 
(see beginning of section 3). 
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5. MECHANOCHEMICAL PHENOMENA AND SPIRAL-BALL TRANSITIONS IN 
POLYELECTROLYTES 

As is known [34-36] synthetic polypeptides, the molecules of which contain io- 
nizible groups, are capable of spiral-ball transitions with increase in the degree of 
ionization to a certain critical value. The reason is that although in the Pauling-Corey 
a-helix the remote (along the chain) charged groups are further apart than in the ball, 
the adjacent charged groups are arranged much closer in it than in the ball so that 
their repulsion destroys the spiral [35]. The spiral—ball transitions in charged mole- 
cules extended by an external force may be inspected by means of equations (1) and 
(2). The presence of intramolecular hydrogen bonds has the effect that at degrees 
of ionization less than the critical 


E{e;} {Qi spirar) < E{e;} ({Q3}’), 


where {Q)},..-a, the set of conformations of monomer units corresponding to the «-spiral, 
{Q,}, any other set of these conformations so that Z(Agz1ra1) > Z(h’), where Agpira: iS the 
distance between the ends of the «-spiral. Therefore, for a not very large external 
force the integral in equation (1) amounts to a single term corresponding to h,,;,,, SO 
that Z=sinh (xA,jira1)/*Agpira, and L(xA,,,-.:) (Langeven’s L function) whence 
for not very small forces x = Mgoiicgy (XMepirar > 1) ¥ = Agyyray- Since the mean length 
of the ball is less than h,,,,,, the external force additionally stabilizes the spiral by in- 
th 
creasing the critical degree of ionization. However, for a very large force Z(h’)e *? > 


Shspiral 


Z(Asyirade *7 for A’ > Agpirai SO that in equation (1) all the terms with h’ > Agoiras 
must be taken into account, which corresponds to a transition of the «-spiral into an 
elongated ball. It is obvious that for f— coas before Z — sinh (xh,,,,)/“Am,, and 
xX — h,,,, where /,,,, is the maximum length of the polypeptide molecule corresponding 
to the fully elongated 8-form. The corresponding dependence of X(f) is schematicaly 
represented in Fig. 2. 








f 


Fic. 2. Deformation curve of chain for small f in the form of the «-spiral. Broken 
line, deformation curve for ball. 


Thus, the critical degree of ionization for the spiral—ball transition in the region 
of large external forces falls off with in the force tending to zero for f > oo. The tran- 
sition of the « to the 8 form in uncharged polypeptides due to the action of an exter- 
nal force can actually be observed experimentally (see, for example, [39]). 





590 T. M. BIRSHTEIN ef. al. 


We note that the effect of an external force on the spiral—ball transition was first 
investigated by Flory [40] who examined the temperature dependence of the length 
of the uncharged polypeptides undergoing configurational conversion and showed 
that in this case the external force shifts the transitional point. 

For degrees of ionization greater than the critical, the condition E{e;} ({Q)}).:201 < 
E{e}({Q;}’) ceases to apply because of the large energy of repulsion of the near 
charged groups in the «-spiral configuration. Spiral—ball trasition occurs so that in the 
field an external force ¥ = fh-?/3kT if the force is lowand X — h,,,, for f > oo. It is 
clear that if fh2/3kT < Agia, Spiral-ball transition is accompanied by contraction of 
the chain extended by the external force and if fh2/3kT > Aspire, by elongation (Fig. 3). 
Since /igyira, = 1b, where 6 ( = 1-5A) is the interval of the «-spiral per monomer 
unit and 4? = na®, where a is the effective length of the monomer unit in the charged 
chain (taking into account the valency angles and inhibition of internal rotation), 
then the condition for contraction of the extended chain on spiral-ball transition, 
is fa/kT < 3b/a. 





l 





i 
OS 10 @ 


Fic. 3. x as a function of « for chain with small f in the form of «-spiral and ex- 
tended by an external force. Broken line, ¥ as a function of « for ball. 


For f = 0, equations (1), (2) and (3) determine the titration curve of the free poly- 
peptide chain undergoing spiral—ball transition; this curve was computed in the work 
of Peller [34] and Zimm and Rice [35] and investigated experimentally by Wada [36]. 
For f— 0, Z— Z(h,,,,) the titration curve also corresponds to the elongated 8 form 
of the chain (see Fig. 4). Fig. 2 also gives the titration curve for the intermediate value 
of f in which the critical degree of ionization is reduced as compared with f = 0. Since 
the interaction of the charged groups in the «-spiral is considerably greater than in 
the 8 form and the ball-like chain occupies an intermediate position, extension of 
the chain for a = const. is accompanied by a fall in pH (Fig. 5) reaching maximum 
effect at the start of the region of spiral-ball transition. In particular, if we use the 
Zimm-Rice theory [35] (see also [36]) according to which the close order in the 
charged ball corresponds to the $ form, then (ApH) = 0 and ApH,,,, corresponding 
to « = 0:4, equals 0-2 (for an ionic strength of 0-013 M). 
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Experimental investigation of the mechanochemical phenomena on spiral-ball 
transitions in synthetic polypeptides and proteins is very desirable. 

We note that for the RNA molecules with apparently folded structure (see, for 
example [41, 42]) both extension and increase in the degree of ionization lead to de- 


pH 


pitiog afi-c) 
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os 


a 














P, 


Fic. 4. Titration curves of chain for small « Fic. 5. pH as a function of f on spiral-ball 
and small f in form of «-spiral. transition for « = const. Broken line, pH as 
a function of f far ball. 


struction of the spiral zones and unfolding of the chain, which leads to mechanochem- 
ical phenomena with the same qualitative regularities as in synthetic polypeptides. 

The mechanochemical phenomena associated with spiral-ball transitions are es- 
sentially of a co-operative character and occur according to the “all or none” principle 
(see Figs. 2, 3 and 5) which account for their fundamental réle in biological struc- 
tures. 


SUMMARY 

(1) The cause of the mechanochemical phenomena associated with change in the 
configuration of polymer chains is the co-operative reactions in the adjacent side 
groups, in particular, dissociation and recombination of ions in the polyelectrolyte 
chain. 

(2) The interrelation of the probabilities of the various configurations of the mo- 
nomer units of the chains and the states of their ionization accounts for the direct 
conversion of the chemical energy of ionization into mechanical energy, and vice 
versa. A yardstick of this effect is the difference in the energies of the electrostatic 
interaction of charged groups in various configuration of the chain. 

(3) This effect may lead to multifold deformation of the chain by a constant force 
with change in the degree of ionization, i.e. the pH of the medium, and to change 
in the pH of the medium for a constant degree of ionization by a value of ~ 1 with 
change in the external force. 

(4) The spiral—ball transitions in the charged synthetic polypeptides are accom- 
panied by mechanochemical phenomena occurring according the to “all or none” 
principle. A weak external force stabilizes the spiral form of the polypeptide mole- 
cule and a large force stabilizes the elongated ball form passing with further increase 
in the force to the 8 structure. Stretching of the polypeptide chain for a constant 
degree of ionization is accompanied by a fall in pH. 
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IN our previous paper [1] we investigated the of electron paramagnetic resonance 
spectra (e.p.r.) of free radicals formed in nucleic acids and their low molecular 
weight components as a result of y-irradiation. We were able to show that the mono- 
nucleotides forming part of the nucleic acids give e.p.r. signals with a hyperfine struc- 
ture of total width 40-100 oersteds and intensity of signals corresponding to about 108 
paramagnetic particles per gram. On the other hand, the native high molecular weight 
nucleic acids give narrow (width ~ 9 oersted) signals without a hyperfine structure, 
the intensity of which is 2-3 orders of magnitude less than for the nucleotides. We 
assumed that the reduction in the yield of free radicals and the disappearance of the 
hyperfine structure in the nucleic acids is to be explained as in the case of proteins 
[2, 3] by the delocalization of unpaired electrons over the regular network of hydrogen 
bonds of the biopolymer with increased probability of recombination of unpaired 
electrons with the holes. ; 

Preliminary heat denaturation of proteins leads to the appearance after irradia- 
tion of an intense e.p.r. signal with doublet splitting instead of the narrow single sig- 
nal of the irradiated native proteins [4, 5]. The number of free radicals formed on 
irradiation increases several hundreds of times. This effect apparently is associated 
with disturbance of the hydrogen bonds in the chains of the macromolecules as a 
result of denaturation. Since chemical modification produces a fundamental change 
in the configuration of nucleic acids, in a number of cases even splitting the macro- 
molecules, it was interest to study the effect of denaturation and chemical modification 
on the e.p.r. spectra of irradiated nucleic acids. In the present communication the 
findings obtained by us in these investigations are given. 


EXPERIMENTAL SECTION 


I. Ribonucleic acid (RNA) from yeast—a preparation from the firm Burroughs 
Wellcome & Company. Deoxyribonucleic acid (DNA) from herring sperm—a prepara- 


* Biofizika 6: No. 5, 534-547, 1961. 
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tion from the firm L. Light & Company Limited, England. Before preparing all the 
derivatives these starting materials were suspended in a large excess of distilled water, 
freed of insoluble matter and stored in the form of lyophilized preparations. 

II. Preparation of derivatives of nucleic acids. RNA and DNA were subject to 
the treatment described below and all the products obtained in the last stage were 
dialysed against water at low temperature (5-6 changes of water) with subsequent 


lyophilization. 

(1) Deaminated RNA (preparation 2) was prepared by treating RNA with nitric 
acid according to the method of Brederec and others modified by Vandendriessche 
[6]. The product was precipitated with 2:2 volumes of a mixture of 10 % CaCl, and 
ethanol (1 : 4) 

(2) Riboapyrimidine acids (RPA) were prepared by treating RNA with hydra- 
zine in a sealed tube for 1 hr at 50° (RPA No. 1, preparation 3) and at 70° (RPA No. 
2 preparation 4) by the method of Takemura and Miyazaki [7]. In each case 300 mg 
RNA was treated with 1 ml anhydrous hydrazine. The product of the reaction was 
precipitated with absolute alcohol, washed with alcohol and ether and dried. The 
dried substance was dissolved in distilled water and dialysed against water for 3 days. 

(3) Effect of formaldehyde on RNA (preparation 5); 50 mg RNA was dissolved 
in 25 ml 0-1 per cent aqueous solution of formaldehyde and incubated at 25° for 1 hr. 

(4) Effect of urea on RNA (preparation 6); 0-5 % solution RNA was incubated 
at 25° for 1 hr in the presence of 0-1 M urea. 

(5) Heat denaturation of RNA (preparations 7-9); 0-5% RNA solution was heated 
on a water bath at 60° for 2 min, at 80° for 2 min and at 100° for 8 min. 
The heated solutions were lyophilized without dialysis. 

(6) Bromine-treated DNA (DNAB Nos. 1-3, preparations 11-13). To prepare 
them the method given in [8] was adopted. DNAB Nos. | and 2 were obtained by 
bromination of DNA in acetate buffer (pH 6, 0-1 M) containing chloroform at 22° 
and 0°. DNAB No. 3 was obtained by brominating DNA at 22° in the same buffer 
without chloroform. At the end of the reaction and after centrifugation the products 
could not be precipitated from the mother solution by 3 volumes of alcohol, on the 
other hand, they could be dialysed against water. After dialysis the products were 
lyophilized. 

(7) Alkaline degradation of DNAB (preparations 14-16); 0-4% DNAB No. 2 
solution in 0-1 N NaOH was incubated at 37° for 10 min, 1-5 hr and 4 hr. 

(8) Deoxyriboapyrimidine acids (DPA) were prepared by exposing DNA to the 
action of hydrazine in a sealed tube at 60° for 1 hr (DPA No. 1, preparation 17) and 
at 50° for 2:5 hr (DPA No. 2, preparation 18) following the method of Takemura [9]. 

(9) Denaturated DNA products (preparations 20-22). Three denatured products 
were obtained from DNA by method [10] (preparations B, C, D in the work [10)). 
To obtain preparation B, 0-2% aqueous DNA solution was adjusted to pH 11-8 by 
adding 2 N NaOH, kept at this pH for | hr at 25° and then brought up to a pH of 
7-5 by means of 1 N HCl. Preparation C was obtained by keeping a similar DNA 
solution at pH 3-0 for 1 hr at 25° and then adjusting the pH to 7-5. The highly 
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denaturated product, preparation D, was prepared by keeping 0:2% DNA solution 
in 0-05 M glycine buffer (pH 2-9) for 24 hr at 37°. 

(10) Heat denaturation of DNA (preparations 23-25) was carried out in the same 
way as for RNA. 

(11) Lead salts of DNA subjected to heat denaturation were prepared by the meth- 
od of Stevens and Duggan [11], 15 ml of 0-2% DNA solution containing 35 m M 
lead acetate (Pb (C,H,0O,)..3 H,O) was heated for 2 min at 60°. The residue was 
collected by centrifugation, washed with water and dried (preparation 26). To 15 
ml 0:2% DNA solution heated for 2 min at 100° was added 200 mg (Pb(C,H,0,), . 
3 H,O. The residue was treated as before (preparation 27). 

(12) Acid denaturation of DNA (preparations 28-31) was carried out by the 
method of Durand and Thomas [12]. A 1 per cent DNA solution was mixed with an 
equal volume of 2 N HCl and the mixture incubated at 37° for 20, 50, 100 and 
180 min. 

(13) Formaldehyde treatment of DNA (preparation 32) was carried out by the 
method proposed in the work of Staehelin [13]. DNA was first dialysed against dis- 
tilled water in the cold for 5 days to produce dissociation of the interspiral hydrogen 
bonds. This leads to raised reactivity of DNA in relation to formaldehyde. 0-2 per 
cent DNA solution containing 0-1 per cent formaldehyde was incubated at 37° for 
20 hr. 

(14) Effect of urea, guanidine hydrochloride and sodium salicylate on DNA (prep- 
arations 33-35); 0-5 per cent DNA solution incubated at 25° for 1 hr in the presence 
of 0-1 M urea, 0-01 M guanidine hydrochloride or 0-01 M sodium salicylate. 

(15) Effect of hydrogen peroxide on DNA (preparation 36). Following the work 
of Yamafuji and others [14] 0-4 per cent DNA solution in 0-01 M phosphate buffer 
(pH 8-0) was incubated at 25° for 1 hr in the presence of 0-05 M H,O,. 

(16) Apurine acids (APA No. 1, APA No. 2, preparation 37) were prepared by 
the method in [15] as in the case of experiments Nos. 5 and 7. APA No. 1 was not 
irradiated and was used only to prepare two derivatives (see below). 

(17) Degradation of APA with alkali preparations (38-41) was carried out by the 
method in [16]. 0-2% APA solution No. 2 in 0-2 N, 0-5 N, 1 N and 2 N NaOH was 
incubated at 37° for 24 hr. 

(18) Degradation of APA with acid (preparations 42-44) 0-2 per cent APA so- 
lution No. 2 in 0-5 N, 1 N and 2 N HCI was incubated at 37° for 24 hr. 

(19) The oxime and 2:4 dinitrophenylhydrazone of APA No. 2 (preparations 
45, 46) were prepared by the method of Tamm and Chargaff [17]. 

(20) Reduced APA, (RAPA, preparation 47) was prepared by treating APA No. 
2 with sodium borohydride by the method of Hurlen and Laland [18]. 

(21) Polydeoxyribosophosphate (PDRP No. 1, No. 2, preparations 19, 48). PDRP 
was prepared from DPA No. 1, preparation 17) by the mild acid hydrolysis used to 
prepare APA [15]. PDRP No. 2 was prepared by subjecting APA No. | to the action 
of hydrazine by the method of Takemura [9] as in the case of his PDRP 11 A. 
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(22) Aldehyde-APA-di(carboxylmethyl)-dithioacetal No. | and No. 2 (prepara- 
tions 49, 50) were prepared by exposing DNA and APA No. | to the action of thio- 
glycollic acid in the presence of ZnCl, and Na,SO, as catalysers by the method of 
Jones and Letham [19]. 

III. Analytical methods. The samples before irradiation were subject to the fol- 
lowing analyses. Nitrogen by Kjedahl combustion and analysis according to Nessler. 
Phosphorus was determined by the colorimetric method using ammonium molyb- 
date and ascorbic acid [20]. Analysis for the purine and pyrimidine bases for some 
of the samples investigated was carried out by hydrolysis with concentrated per- 
chloric acid (specific gravity 1-68, ~ 70 per cent) in a sealed tube at 100° for 1 hr [21], 
The hydrolysates were separated by paper chromatography. The solvent was a mix- 
ture of methanol, concentrated HCl and water (70:20:10) according to Kirby [22]. 
The position of the spots of the nitrogenous bases was estimated from the ultra-violet 
absorption; elution was by 0-1 N HCl. Concentration of guanine (G), adenine (A), 
cytosine (C), uracil (U) and thymine (T) was determined by the spectrophotometric 
method using known values of the absorption coefficients [23]. 

[V. Irradiation of samples. The samples were irradiated in vacuo with Co y-rays 
to a dose of 2 xX 10’ r. 

V. Measurement of e.p.r. spectra. The measurements were made at room tem- 
perature in a EPR-2 IKhF type radiospectrometer with high frequency modulation 
of the magnetic field [24]; the g factor, the width of the e.p.r. signal and the number 
of unpaired electrons were determined as previously described [1]. All the e.p.r. spec- 
tra are presented in the form of the first derivatives of the absorption curves. 

The RNA was kindly placed at our disposal by Prof. Tsao Tyan’-Tsin of the In- 
stitute of Biochemistry of the Academy of Sciences of the Chinese People’s Republic, 
the anhydrous hydrazine by Aspirant Tsi De-fan and the sodium borohydride by 
NS. Fedotov from the Zelinskii Institute of Organic Chemistry, U.S.S.R. Academy 
of Sciences. Analysis for bromine and sulphur for some samples was made by 
A. I. Lebedev in the same Institute. All the samples were irradiated for us in the Kar- 
pov Physicochemical Research Institute. During the present work a large number 
of the investigated specimens were lyophylically dried for us by L. V. Nikiforova and 
N. M. Dmitriyeva. The authors wish to express their sincere gratitude to all these 


individuals and organizations. 


RESULTS 


I. Analytical data on investigated samples and values of the ultra-violet absorp- 
tion. The findings obtained are set out in Table 1. As the table shows, treatment of 
RNA and DNA in the form of chemical modification and denaturation resulted in 
change to differing degrees, in their characteristics. For example, the intensity of ab- 
sorption of ultra-violet by DNA weakened as a result of bromination (cf [25)). 

Il. Measurement of e.p.r. spectra. As a rule, the measurement was taken in 
vacuo. None of the samples investigated by us gave e.p.r. signals before irradiation. 
(This refers to “narrow” e.p.r. signals and not to “wide” lines of pseudoferromag- 
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netic resonance [26, 27].) The results of the experiments are given in Table 2 in which 
the following notations are adopted: AH,,,—width between points of maximum slope, 
AH, _, distance between peaks i and k of hyperfine structure, AH,,—distance between 
extreme components of line (complete splitting). The g factor of all the e.p.r. sig- 
nals studied by us virtually coincided with the g factor of diphenylpicrylhydrazyl 
(DPPH). 


Phy 
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Fic. 1. E.p.r. spectrum of y-irradiated riboapyrimidine acid (RPA) &. 


Fic. 2. E.p.r. spectrum of brominated DNA (DNAB) y-irradiated after treatment with 0-1 N NaOH 
at 37° for 10 min. 


Fic. 3. E.p.r. spectrum of y-irradiated deoxyriboapyrimidine acid (DPA). 
Fic. 4. E.p.r. spectrum of y-irradiated DNA first treated with 1 N HCl at 37° for 50 min. 


It follows from Table 2 that as assumed, the e.p.r. spectra of nucleic acids are 
appreciably modified on y-irradiation as a result of preliminary denaturation or chem- 
ical modification of the macromolecular structure. The following general patterns 


may be noted: 

(1) all the derivatives of nucleic acids investigated gave comparatively narrow 
e.p.r. signals (5-26 oersted); 

(2) these signals in most cases did not possess a hyperfine structure; 

(3) intensity of the signai was 10'8-10!* paramagnetic particles per gram, i.e. 1-2 
orders of magnitude higher than for the original nucleic acids, and was more pro- 
nounced in the DNA and APA derivatives than in the RNA derivatives; 

(4) in our conditions chemical modification of nucleic acid (deamination, action 
of hydrazine, bromination, treatment with thioglycollic acid and action of formal- 
dehyde) led to a sharper increase in the yield of free radicals on y-irradiation than 
denaturation by heat or by means of denaturating agents (urea, guanidine hydro- 
chloride and sodium salicylate); 

(5) on heat and acid denaturation of RNA and DNA and on degradation of APA 
with acid and alkali the increase in intensity of the e.p.r. signals varied with the 
thoroughness of denaturation and degradation; 
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(6) alkaline degradation of APA led to a more intense e.p.r. signal than degra- 
dation with acid in the correspcnding conditions—in agreement with findings on the 
sensitivity of APA to alkali [16, 28]; 

(7) riboapyrimidine acids (RPA) gave more intense e.p.r. signals than deoxy- 
riboapyrimidine acids (DPA) and APA. 
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Fic. 5. E.p.r. spectrum of y-irradiated DNA first treated with 1 N HCl at 37° for 3 hr. 
Fic. 6. E.p.r. spectrum of y-irradiated apurine acid (APA) first treated with 0-5 N NaOH. 
Fic. 7. E.p.r. spectrum of y-irradiated APA first treated with 1 N NaOH. 


Ill. Effect of oxygen on e.p.r. signals. For some samples the e.p.r. signals were 
studied in air. Oxygen was found to have a potent effect on the free radicals formed 
on y-irradiation. The results are presented in Table 3. The numerals give the relative 
intensity of the signals (as a percentage) as compared with their intensity in vacuo. 
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Fic. 8. E.p.r. spectrum of y-irradiated APA first treated with 2 N NaOH. 
Fic. 9. E.p.r. spectrum of y-irradiated 2 : 4,-dinitrophenylhydrazone of APA. 
Fic. 10. E.p.r. spectrum of y-irradiated reduced APA. 
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The findings show that keeping the samples in air for 25 min reduced the intensity 
of the e.p.r. signal 2-5 times as compared with in vacuo. In all the cases investigated, 
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Fic. 11. E.p.r. spectrum of y-irradiated polydesoxyribosophosphate (PDRP). 
Fic. 12. E.p.r. spectrum of y-irradiated aldehyde-APA-di(carboxymethyl)-dithioacetal No. 1. 
Fic. 13. E.p.r. spectrum of y-irradiated aldehyde-APA-di(carboxymethyl)-dithioacetal No. 2. 


the shape of the signals did not vary. During 48 hr in air there was a further reduction 
in the number of free radicals with disappearance of the hyperfine splitting in a number 
of samples (Nos. 15, 22, 29, 39). In two derivatives of APA (preparations 45, 46) the 


TABLE 3. OXYGEN EFFECT ON THE INTENSITY OF THE E.P.R. SIGNALS FOR SOME OF THE SAMPLES INVESTIGATED 





| 25 min in air | 48 hr in air 


Sample 


RPA No. 2 35-2 
DNAB, No. 3 51-8 
DNAB, No. 2, treated with 0-1 N NAOH, for 90 min 

at 37° 

DPA, No. 1 

Denaturated product of DNA 

DNA, treated with 1 N HCl for 50 min at 37° 

APA, No. 2 

APA, No. 2, treated with 0-5 N NaOH 

Oxime of APA No. 2 

2 : 4-dinitrophenylhydrazone of APA No. 2 

PDRP No. 2 


e.p.r. signal with additional splitting, remained the same as in vacuo. Apparently, 
the oxygen effect at first led to a fall in the number of free radicals and then also to 
elimination of the hyperfine structure of the e.p.r. signal. In previous work we were 
not able to notice any effect of oxygen on the shape and intensity of the e.p.r. signals 
in adenyl and uridylic acids even after 4 months. The derivatives of nucleic acids in 
Table 3 differ in this respect from these two acids. 
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DISCUSSION 


The results confirm our assumption that a reduction in the yield of free radicals 
and destruction of the hyperfine structure from nucleic acids may be explained by 
delocalization of unpaired electrons over the regular network of intramolecular hy- 
drogen bonds of the biopolymer. The number of free radicals formed on irradiation 
increases as a result of preliminary denaturation or chemical modification. This is 
similar to the effect observed with heat denaturation of proteins [4, 5]. It may be 
considered that heat and acid denaturation and the effect of a number of denaturating 
agents cause destruction of the secondary structure of the nucleic acid molecules 
whereas chemical modification produces more profound damage. 

Denaturation of DNA has been studied in some detail and from the literature 
it is known that the hydrogen bonds are destroyed by heating [29-37]. In a number 
of cases, the molecular weight of DNA falls [29, 33, 35, 37-40]. Acid denaturation 
of DNA also leads to rupture of the hydrogen bonds [30, 31, 36, 41] and to reduction 
in molecular weight [37]. Urea causes rupture in the hydrogen bonds of DNA [42] 
and RNA [43]. Both urea and guanidine hydrochloride cause DNA degradation 
[35, 44-46]. 

However, on chemical modification the nucleic acid molecule undergo consid- 
erable alteration owing to splitting of the polynucleotide chain. For example, the 
molecular weight of deaminated RNA is 6000 against 10,000 for the original RNA 
[47]. The molecular weight of APA is 15,000 against 5,300,000 for the original DNA 
[17], 17,000 against 2,000,000 for the original DNA [48]. In the literature, other 
results are given for the molecular weight of APA: 10,000-25,000 [49] and 5000 [9]. 
During formation of the apyrimidine acids, through the action of hydrazine on RNA 
and DNA, splitting of the polynucleotide chain is also unavoidable [7, 9]. 

It is interesting to note that the denatured and chemically modified derivatives 
of nucleic acids are similar to the latter in that after y-irradiation they give compara- 
tively narrow e.p.r. signals, in most cases without a hyperfine structure, but give 
a much greater yield of free radicals per unit weight than the original substance. All 
these derivatives cannot be dialysed in cellophane. All this suggests that these deriv- 
atives (despite the differences between them) occupy intermediate positions between 
the native nucleic acids and nucleotides. Here, it is a matter of the molecular size, 
the degree of polymerization or the complexity of the structural configuration. This 
may be reflected in the e.p.r. spectra of the three groups of substances. 

As is known, investigation of irradiated nucleic compounds by the e.p.r. method 
was started by Gordy and Shields [50, 51] as early as 1955-1956. In this work, as 
in subsequent work of Gordy’s team not only on nucleic but on other irradiated 
biologically important compounds, a quantitative analysis of the e.p.r. spectra was 
not made. In addition, in the work of Gordy’s group the relation between the radi- 
ation yield and the degree of nativity of the complex biopolymers was not investi- 
gated. In 1958, we carried out an extensive and systematic investigation of a wide 
class of nucleic compounds of increasing complexity: nucleic bases, nucleosides, 
nucleotides, nucleic acids and nuclear proteins and also some artificial complexes 
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of nuclei. acid with proteins and streptomycin. Our results were outlined in paper 
[1]. At the time our articles were submitted to the Editorial Board, Gordy and col- 
leagues’ further results on many of compounds which we had studied in paper [1] 
were published [52, 53]. It is natural to compare the results of the new work of 
Gordy’s team with ours, outlined both in [1] and in the present paper. The experi- 
mental conditions were more or less the same. However, in all cases, in our experiments 
we not only analysed the shape and width of the lines of the e.p.r. spectra but also 
made quantitative analyses of the irradiation yield of free radicals. We paid particular 
attention to studying the relation between the yield of free radicals and the level of 
degradation or extent of denaturation of nucleic acids. In a number of cases our 
results qualitatively agree with the findings of Gordy. It is impossible to compare 
them quantitatively due to absence of quantitative findings in the papers by Gordy. 
In our view, the most interesting and important aspect of the work of Gordy and 
Shields [52, 53] is the postulated presence of high electron mobility and possibly 
semiconductor properties in nucleic acids. Our experiments started from the general 
hypothesis of the presence in native biopolymers (proteins and nucleic acids) of 
semiconductor properties due to the regular network of conjugated hydrogen bonds. 
On denaturation of the biopolymers such a regular network is destroyed, possibly 
leading to increase in the yield of free radicals. As can be seen from the results of 
paper [1] and the present work, we detected a clear relationship between the yield 
of free radicals and the complexity of the nucleic compounds and the degree of their 
denaturation. 

We now turn to some divergences in the results obtained by Gordy and us. The 
American workers did not discover e.p.r. signals in adenine and guanine irradiated 
with a dose of 5x 10° r whereas we, irradiating these compounds to a dose of 2x 10’r, 
detected singlet e.p.r. signals. y-Irradiated guanylic acid gave in the work of Gordy 
a triplet signal, in our work a symmetrical septet. 

Gordy and Shields did not detect an oxygen effect on the e.p.r. spectra of a number 
of irradiated nucleosides, nucleotides and nucleic acids. They associate absence of 
an oxygen effect with the electronegativity of the nitrogen of nucleic compounds [52, 
53]. As Table 3 shows, we found an appreciable oxygen effect on the e.p.r. spectra 
of such compounds. Since all nucleic compounds contain nitrogen, it is perfectly 
clear that the absence of an oxygen effect in the e.p.r. spectra of the irradiated nucleic 
compounds noted in the work of the American authors cannot be attributed to the 
electronegativity of nitrogen. Further experiments are necessary to discover the causes 
of certain discrepancies. 

We must also point out that additional experiments are called for by the higher 
yield of free radicals for the original nucleic acid preparation noted in the present 
work as compared with paper [1]. Possibly this is connected with the quality of the 
original preparation, in particular, with the fact that the preparations used here were 
subjected to additional treatment (solution and lyophilization). Possibly, the latter 
resulted in partial denaturation and consequently, in an increased yield of radicals. 
This problem requires special study. The point made by us above does not apply to 
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the conclusions drawn on comparison of the results obtained only in the present work 
or in paper [1], since all the results in these cases were obtained in strictly identical 


conditions. 
SUMMARY 
(1) The e.p.r. spectra of y-irradiated nucleic acids subjected to denaturation and 


various chemical modifications have been studied. 
(2) Increase in the yield of free radicals on y-irradiation has been demonstrated 


as a result of these factors. 
(2) The results confirm the previously expressed view on the réle of the ordered 


network of hydrogen bonds in the radiolysis of biopolymers. 
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FEATURES OF THE ELECTRON PARAMAGNETIC 
RESONANCE SPECTRA OF SYNTHETIC POLYPEPTIDE 
FILMS AND PROTEINS* 


M. K. PuLATovA, V. N. ROGULENKOVA and L. P. KAYUSHIN 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 23 June 1961) 


ANY substance, including proteins and amino acids, can be made paramagnetic by 
exposure to ionizing radiation. The unpaired electrons so formed enable one to 
observe the electron paramagnetic resonance spectrum (e.p.r.) of the irradiated 
substance. The shape and amplitude of the spectral lines reflect molecular features 
of the structure of the object. Important information on protein structure may be 
gained by comparing the e.p.r. spectra of the irradiated proteins with findings on 
their structure. It is known that the e.p.r. spectra of various irradiated proteins do 
not differ substantially [1]. It may be supposed that the shape of the e.p.r. absorption 
lines is accounted for by the secondary structure of the molecular chain. Energet- 
ically, the most advantageous configuration of the protein polypeptide chain is the 
a-helix. This structure has the maximum number of hydrogen bonds. The widespread 
occurrence of the «-helix indicates that this structure is of biological significance. 


* Biofizika 6: No. 5, 548-555, 1961. 
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Evidently, the common properties of many proteins are due to the peculiarities of 
the «-helix configuration of the polypeptide chain. 


Fic. 1. E.p.r. spectra of irradiated polypeptide film of poly-y-methyl-L-glutamate. Hard irradiation. 
Dose 9x 10° rad. 1, in vacuo; 2, 5 min in air; 3, 10 min in air; 4, 30 min in air; 5, diphenylpicryl- 
hydrazyl, number of unpaired electrons N = 10%. 


We have studied the e.p.r. spectra of certain irradiated proteins and synthetic 
preparations. The samples used were synthetic polypeptide films of poly-y-methyl- 
L-glutamate with an «-helix form and with random configuration, and proteins; silk 
fibroin, egg albumin, pepsin, myosin, actin, actomyosin, myogen and some animal 
tissues dried by lyophilization. Irradiation was in vacuo (10-* mm Hg) with y emission 
from ®°Co or #*’Cs or soft X-rays (50-60 kV). The spectra weie recorded with a radio- 
spectrometer with double modulation of the magnetic field at a wavelength of 3-2 cm. 
The first derivative of the absorption line was recorded. None of the samples investi- 
gated gave e.p.r. signals before irradiation. The results are shown in Figs. 1-8. 

It follows from the experiments that the e.p.r. spectra and properties of the irradi- 
ated proteins were identical both in the case of hard y-irradiation and soft X-irradi- 
ation. Special measurements showed that the temperature of the samples on 
irradiation did not exceed 35° and heat denaturation can thus be excluded. The 
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X-ray diffraction checks showed that irradiation was not followed by disturbances 
in the a-helix configuration of the polypeptides. 

The e.p.r. spectra of the various proteins gave doublet signals with splitting 
characteristic of the various proteins. The e.p.r. spectrum of the actomyosin complex 
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Fic. 2. E.p.r. spectra of irradiated proteins. 1, egg albumin, hard irradiation, dose 3 x 10° rad, in vacuo; 

2, egg albumin 2 min in air; 3, egg albumin 60 min in air; 4, tube with egg albumin removed; 5, 

irradiated pepsin, dose 9 x 10® rad, in vacuo; 6, irradiated pepsin 1 week in air; 7, irradiated pepsin 
2 weeks in air, amplification 8 times greater than (5) and (6). 


+ ATP (adenosinetriphosphate) was similar to the doublet signal from lyophilized muscle. 

The synthetic film of poly-y-methyl-L-glutamate, in the form of the «a-helix, gave 
a doublet signal which in air instantly became a singlet. For all the irradiated proteins 
and dried skeletal muscle the doublet changed into a singlet signal on entry of air; 
this occurred for the different proteins at various times after opening the tubes con- 
taining the samples. The number of unpaired electrons in the samples in vacuo and 
immediately after entry of air was the same. Later, the effect of air was to reduce the 
number of free radicals. The «-helix form of the synthetic film behaved in a similar 
manner. After heat denaturation of the proteins before irradiation, intense broad 
signals were detected with doublet splitting. Keeping the denaturated samples in air 
reduced the number of free radicals, as compared with their intensity in vacuo, but 
with no change in the shape of the signals. A similar result was obtained for the 
polypeptide film with random configuration. The lyophilized preparations of the 
heart, liver, kidney and spleen gave singlet signals. 
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Fic. 3. E.p.r. spectra of irradiated myosin. Soft radiation. Dose 10’ rad, in vacuo. 1, in vacuo; 2, 

10 min in air; 3, e.p.r. spectrum of irradiated actomyosin, hard irradiation, dose 3 x 10° rad, in vacuo; 

4, e.p.r. spectrum of irradiated actin, hard irradiation, dose 3 x 10° rad, in vacuo; 5, actin 10 min in 
air; 6, actin 60 min in air. 
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Fic. 4. E.p.r. spectrum of irradiated silk fibroin, soft irradiation, dose 9 x 10® rad. 1, silk fibres orien- 

tated parallel to external field, in vacuo; 2, silk fibres orientated perpendicular to external field, in vacuo; 

3, 10 days in air, silk fibres parallel to external field 4, 10 days in air, silk fibres perpendicular to 
external field. 


— yy ~ 


Fic. 5. Change in shape of e.p.r. of irradiated egg albumin in relation to degree of vacuum on irra- 
diation. 1, vacuum 10-*? mm Hg; 2, 10-*? mm Hg; 3, 10-? mm Hg; 4, air at atmospheric pressure. 


_ 





M. K. PULATOVA ef al. 


8 oersteds 


8 oersteds 


Fic. 6. E.p.r. spectra of irradiated denaturated proteins. 1, myogen, hard irradiation, dose 9 x 10* 
rad, in vacuo; 2, myogen 2 days in air; 3, pepsin, in vacuo; 4, pepsin 1 week in air; 5, egg albumin, 
in vacuo; 6; 24 hr in air. 
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An attempt was made to establish the effect of the extent of the vacuum on irradi- 
ation on the e.p.r. spectrum. The shape of the e.p.r. spectrum of the irradiated proteins 
was found to depend on the vacuum on irradiation. Vacuum conditions before 
irradiation led to a distinct doublet signal while a singlet signal was obtained for 
irradiation of the sample in a poor vacuum or in air (Fig. 5). 








Fic. 7. E.p.r. spectrum of irradiated frog muscle. Hard irradiation, dose 3 x 10® rad. 1, in vacuo; 2, 
10 min in air; 3, 60 min in air; 4, diphenylpicrylhydrazyl, N = 10%. 


DISCUSSION 


For all the irradiated proteins and synthetic polypeptide films a characteristic 
doublet form of the signal was obtained. A number of factors (dealt with below) lead 
us to assume that the doublet is due to interaction of an unpaired electron localized 
on a bound oxygen atom with the proton of a hydrogen bridge in the polypeptide 
chain of the «-helix or in the interpeptide bonds in the $-configuration (silk fibroin). 
A certain asymmetry in the shape of the line may be due to anisotropy of the g-factor. 

Transformation in air of the doublet shape of the e.p.r. spectrum into a singlet 
points to considerable migration of the unpaired electrons about the protein. It is 
interesting that the time lapse from opening the sample tubes to the change in shape 
of the spectrum differed for the various proteins. But the results was the same: 
conversion of a doublet into a singlet signal. A similar result was observed for the 
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Fic. 8. E.p.r. spectrum of irradiated tissues. Hard irradiation. Dose 3 x 10® rad. 1, frog liver in vacuo; 
2, liver 6 hr in air; 3, frog spleen in vacuo; 4, spleen 6 hr in air; 5, frog kidney in vacuo; 6, kidney 
6 hr in air. 


synthetic film with the «-helix configuration of the polypeptide chain. Thus, the reg- 
ularity in the arrangement of the conjugated peptide groups, joined by a regular 
lattice of hydrogen bonds, is a necessary condition for migration and is apparently 
connected with the native structure of the preparation. The denatured protein samples 
and also the films of poly-y-methyl-L-glutamate in which the chains form a random 
coil and, consequently, the peptide groups are not bound by a regular lattice of hy- 
drogen bridges gave a doublet signal after irradiation in vacuo. There was no change 
in the shape of the spectrum on entry of air. Apparently, destruction of the regular 
coupling of the «-form disturbs the conditions for migration of the unpaired electron. 
Conversion of the doublet in to a singlet signal was also observed in air for the 
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8-configuration of silk fibroin. This confirms the basic assumption that migration of 
the electron about the protein requires a definite regularity of the conjugated peptide 
groups linked by hydrogen bonds. 


The presence of conduction bonds in the protein molecule having periodicity was 
noted in the work of Evans and Gerbely [2] who computed the height and width of 
the energy bands of the molecule for maximum overlaps of the electron clouds of 
N and O atoms. 


Gordy [3] noted that the unpaired electron in irradiated proteins is localized at 
the «-carbon of the peptide chain. This conclusion was drawn from experiments with 
irradiated deuterized glycylglycine. However, in paper [3] the degree of deuterization 
is not indicated and therefore it is difficult to say whether the proton was replaced 
to a sufficient degree by deuteron in the hydrogen bridges of the dipeptide. It is known 
that the hydrogen bonds between peptide groups in proteins are substituted very 
slowly [4]. Moreover, the hydrogen bonds in glycylglycine do not link peptide groups 
and are closed at the ends of the dipeptide. Therefore, it is hardly justifiable to use 
the results obtained for a dipeptide in explaining the e.p.r. spectra of proteins. 


Formation of the CH type radical in proteins is connected with rupture of the 
side radical from the «-carbon. In this case in the 8-configuration of the peptide chain 
the CH bond may be parallel to the direction of the hydrogen bonds of the peptide 
groups. However, such a phenomenon is impossible for the «-helix owing to the 
rigidity of its structure. In experiments especially designed to elucidate the depend- 
ence on orientation of the e.p.r. signals of myosin films, it was shown that the shape 
of the spectrum is related to the direction of the hydrogen bridges in the « and 8 
forms of the myosin films. The ideas expressed justify the assumption that an unpaired 
electron is localized at the oxygen atom of the hydrogen bond of the polypeptide 
chain. 

It is generally accepted that the oxygen effect is responsible for change in the type 
of free radical giving an e.p.r. spectrum. Eley et a/. have published a series of studies 
on the conduction of a large number of organic compounds including proteins [5]. All 
proteins show much greater conduction and less activation energy if they contain adsorbed 
water. The assumption that electrons or holes act as current carriers is of basic 
importance. The «-helix configuration of the polypeptide chain satisfies the principle 
of maximum compactness stereochemicaly inpenetrable, and hence excludes direct 
interaction of oxygen atoms and the electron localized in any part of the polypeptide 
chain. 


Probably, the localization of the unpaired electron at the oxygen atom in our ex- 
periments is to be explained by an energy barrier preventing the electron from imme- 
diately gaining entry to the conduction band. Possibly the réle of the water vapour 
contained in the air is to reduce the value of the activation energy. The electron passes 
into the conduction zone (with which is linked conversion of the doublet into a sin- 
glet signal in air) with increased probability of its recombination, which leads to 
disappearance of the signal. 


4 
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If the proteins are heat denaturated before drying, change in the shape of the dou- 
blet signal is not observed and the content of paramagnetic particles is two orders 
of magnitude greater than for samples not denaturated. Since with denaturation the 
bonds are disrupted and the conduction channels vanish, a larger number of electrons 
is localized which explains the more intense signal. The e.p.r. signal for muscle is asso- 
ciated with the actomyosin fraction. The similarity of the e.p.r. signals for irradiated 
lyophilized muscle and irradiated dried actomyosin + ATP complex confirms this. 

As is known, such organs as the heart, liver, spleen and kidney contain a large 
number of stable free radicals, possibily having their origin in the pigments. In our 
experiments, the amplitude of the normal e.p.r. signals of such free radicals in the 
tissues was two orders of magnitude lower than on irradiation. The presence in the 
tissues of substances of the pigment type may play the same réle as water vapour in 
lowering the activation energy and expelling the electron into the conduction zone. 

The authors wish to express their deep gratitude to N. S. Andreyeva for detailed 
discussion of the results and also to I. K. Kolomiitseva for collaboration in the bio- 
chemical aspects of the work. 


SUMMARY 


(1) The e.p.r. spectra of irradiated synthetic films of poly-y-methyl-L-glutamate 
with «-helix and random forms of the polypeptide chain have been studied and also 


those of some proteins. 
(2) In vacuo native proteins and films with the «-helix form gave a doublet e.p.r. 


signal which was transformed into a singlet one in air. 

(3) In proteins denaturated by heat and random polypeptide films a doublet 
€.p.r. spectrum was obtained after irradiation which did not change in air. 

(4) The findings are to be explained by the existence in the proteins and films of 
a regular system of peptide-hydrogen bonds (in samples not denaturated) with dis- 
turbance of the system on denaturation. 
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SZENT-GyOrGyI [1, 2] has called attention to the numerous and extraordinarily inter- 
esting analogies between the biological activity of a number of substances, including 
certain drugs and hormones, and their effect on the peculiar changes in the lumi- 
nescence of aqueous solutions of fluorescent dyes when these solutions are frozen and 
then further cooled. Similar analogies were discovered [3] in a study of the link be- 
tween inhibition of photosynthesis by various substances and the duration of the ex- 
cited states of chlorophyll in the chloroplasts. 

The phenomenological picture of the phenomena described by Szent-Gyérgyi broad- 
ly adds up to the fact that at the moment of freezing the solution all its luminescence 
vanishes, as coolnig continues beyond a temperature of —30° a new luminescence 
band shifted to the longwave side appears (Fig. 1 (a) and (b)), the intensity of which 
increases with fall in temperature (Fig. 2(a) and (c)). 
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Fic. 1. A, emission spectra of aqueous solutions of rhodamine B and B, of acridine orange at different 
temperatures. Concentration of dye in both cases 10-*M. For curves 2, 3 and 4, scale on right. 1, 
+20°; 2, —70°; 3, —120°; 4, —190°. 


Addition to the solution before freezing of various substances in comparatively 
small amounts has a dual effect on these phenomena. According to Szent-Gyérgyi, on 
addition of glucose, thiamine hydrochloride or certain other biologically-active sub- 


* Biofizika 6: No. 5, 556-562, 1961. 
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stances, the picture does not change qualitatively, but the rise in the “red” lumines- 
cence band is steeper and on passage of the solution into the crystalline state the 
“yellow” band does not entirely vanish but is only attenuated to a greater or lesser 
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Fic. 2. Change in intensity with temperature of “yellow” (curves 1) and “red” (curves 2) glow of 

aqueous solutions of rhodamine B and acridine orange with the addition of ethanol and glucose. 

Concentration of dye 10-*M. For curves 2 in C and D scale is given on right. A, rhodamine B in 

water; B, rhodamine B in water + 1 per cent glucose; C, acridine orange in water; D, acridine orange 

in water + 1 per cent glucose; E, rhodamine B in water + 2 per cent ethanol; F, acridine orange 
in water + 2 per cent ethanol. 


degree (Fig. 2(b) and (d)). In contrast, on addition of such substances as alcohols, 
acetone, pyridine, phenylurethane, and many more, the fluorescence spectrum and 
its intensity show almost no change on freezing the solution and only at very low tem- 
peratures (about—100°) does a weaker “red” band start to appear in the spectrum 
together with the normal “yellow” one (Fig. 2(e) and (f) and Fig. 3(a) and (b)). 
Szent-Gy6rgyi’s explanation of the disappearance of fluorescence on freezin~ aqueous 
solutions is that in crystalline water the prohibition of the singlet-triplet transition 
is removed and practically all the excited molecules pass, in a shorter time than the 
life time of the singlet excited state, into the triplet state in which, at a not very low 
temperature heat dissipation of the excitation energy occurs. In line with this Szent- 
Gy®drgyi considers the “red” luminescence band to be “phosphorescence”, i.e. the glow 
associated with emissive passages from the triplet state of the molecule into the 
ground state. The effect of the various additives on the observed luminescence phe- 
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nomena is interpreted as a manifestation of their influence on the transitions S* + T 
and T > G. 

Such an interpretation of these phenomena enabled Szent-Gydrgyi to relate them 
to his general bioenergetic concept according to which “mobilization” of the energy 
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Fic. 3. A, emission spectra of aqueous solution of rhodamine B and B, acridine orange with the ad- 
dition of 2 per cent ethanol at different temperatures. Concentration of dyes 10-*M. A, 1, +20°; 
2, —120°; 3, —190°; B, 1, +20°; 2, —190°. 


of particular chemical bonds and its utilization for performance of work connected 
with the vital activity of the organism, e.g. utilization of energy of the macroergic 
bonds of ATP for execution of muscular work, is always or at least in most cases, 
associated with electronic excitation of the particular molecules and their subsequent 
passage into the triplet state. The possibility of such transitions in vivo is to be attrib- 
uted according to Szent-Gyérgyi to the fact that a considerable part of the water 
in the cells is in a structured pseudocrystalline state, which allows one to draw anal- 
ogies between the effect of various substances in the cell and in the frozen aqueous 
solutions. 

However, more precise quantitative study of the phenomena, described by Szent- 
Gy6rgyi only qualitatively, reveals a number of features telling against Szent-Gy6rgyi’s 
interpretation or the “red” fluorescence band and suggesting a completely different 
explanation of the phenomena. 


EFFECT OF CONCENTRATION OF DYE 


It was first found that all the observed phenomena very closely depend on the 
concentration of dye in the solution. In Fig. 4(a) are given the fluorescence spectra 
of solutions of rhodamine B in water at —190° for concentrations of dye of 10-*, 10-° 
and 10-* M (curves 1, 2 and 3 respectively). Comparison of these curves shows that 
while at a concentration of 10-* M the fluorescence spectrum has only a “red” band 
with a maximum near 620 mu, whereas the usual yellow band with a maximum at 
550 mu, characteristic of fluorescence of unfrozen solutions (see Fig. 1(a)), is totally 
absent; already at a concentration of 10-° M this “yellow” band appears with an in- 
tensity comparable with that of the “red” band and at a concentration of 10-*M the 
intensity of both bands draws level. 

This dependence on concentration is even clearer for solutions of the same dye in 
water with the addition of 1 per cent (by weight) of glucose (Fig. 4(b)). Here, already 
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at a concentration of 10-° M the intensity of the yellow band exceeds that of the 
“red” and at a concentration of 10-* M the “red” band vanishes and the luminescence 
spectrum of the frozen solution over the entire temperature range in which it can 
be observed hardly differs from the fluorescence spectrum of liquid solution at room 
temperature (Fig. 5(c)). The disappearance of the “red” band on lowering the concen- 
tration of dye may also be noted on addition of alcohol (Fig. 4(c)) and also (Fig. 5 


(d) (e) and (f)). 
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Fic. 4. Emission spectra of aqueous solutions of rhodamine B, with various ad- 

ditions, in relation to concentration of dye. Temperature —190°. A, rhodamine 

B in water; B, rhodamine B in water +1 per cent glucose; C, rhodamine B in water 
+2 per cent ethanol. Curve 1, 10-*M; curve 2, 10-°M, curve 3, 10-®M. 


In our view, it is very difficult to reconcile such dependence on concentration of 
dye with Szent-Gyérgyi’s interpretation of the “red” band as “triplet” luminescence 
appearing on transitions T + G. In fact, if the passage of water into the crystalline 
state removes fhe prohibition of singlet-triplet transitions, then such intramolecular 
phenomena would not be dependent on the concentration of the dye. 
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Fic. 5. Temperature course of change in intensity of “yellow” (1) and “red” (2) 
glow of aqueous solutions of rhodamine B with addition of glucose (A, B and C) 


and alcohol (D, E, F) and dependence on concentration of dye. A and D 10-*M; 
B and E, 10-°M; C and F, 10-*M. 











LIFETIME OF EXCITED STATE 


The phase fluorometer, the constructional details of which were described in work 
[4], was used to measure the mean duration of the excited state both for the “yellow” 
and “red” luminescence bands. Of the utmost interest are the results of the measure- 
ments for a solution of rhodamine B in water with the addition of 1 per cent glucose 
at a dye concentration of 10-5 M and a temperature around —160°. In these con- 
ditions, as we have seen, there are two bands in the luminescence spectrum and it is 
possibile by separating them out with interference filters with transmission maxima 
at 555 and 625 mu respectively, to measure the life time values (+) for each of these 
bands in completely identical conditions. These measurements gave for the “red” 
band a value, t = 10-® sec and for the “yellow”, + = 4-5 10-*. The same value of 
+ was also obtained at room temperature. In solutions of higher concentration (10~* 
M) for which virtually only the “red” band exists at low temperature, the value of 
+ = 2:7 x 10-® sec, was obtained at this temperature. Probably this value is more 
accurate since on measurement of +t in the former case the glow transmitted by the 
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red light filter included an admixture of the longwave branch of the “yellow” band 
with a smaller value of 7. 

In any case, the presence of a fluorescence decay time of the order of 10-*-10-° 
sec in both luminescence bands in frozen aqueous solutions shows that in both these 
bands the emission corresponds to transition from certain singlet excited states to 
the ground one (transition S*— G). The “triplet” emission corresponding to the 
transitions T + G ought to have values of t a few orders of magnitude greater. By 
the very principle of its design our fluorometer, working at an exciting light modu- 
lation frequency of about 12 Mc/s cannot detect signals from a glow of such lengthy 
duration. 

However, the coincidence of the values of + for the “yellow” band in the liquid 
solution at room temperature and in the frozen solution at a temperature of —160° 
shows that in both cases the same centres of luminescence are responsible for the 
glow and the divergence between the values of + for the “yellow” and “red” bands 
indicate that different centres are responsible for these bands. 


LONGLIVED COMPONENT 


In definite conditions, for example, addition to the solution of glucose and within 
a definite temperature range, it is possible with a phosphoroscope to isolate in the 
total glow, besides the fast decaying components with duration of about 10-® sec, 
a slow decaying component with duration of glow, accoiding to our findings, from 
0-1-1 sec (depending on the temperature) for rhodamine B and acridine orange. Fig. 
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Fic. 6. “Phosphorescence” spectra (curves 1, 2 and 3) and spectrum of total glow 

(curve 4) of aqueous solution of rhodamine B with the addition of 5 per cent glucose. 

Concentration of dye 10-*M. Scale for curves 1, 2 and 3 given on right. 1, —55°; 
2, —70°; 3, —85°; 4, —90°. 


6 shows the spectra of this “phosphorescence” for a solution of rhodamine B in wa- 
ter with the addition of 5 per cent glucose at temperatures of —55°, —70° and —85° 
(curves 1, 2 and 3 respectively). The spectra were measured 0-001 sec after the end 
of excitation and are plotted on the same scale. The same figure shows also the spec- 
trum of the total glow of the same solution observed directly on excitation at a tem- 
perature of —90° (curve 4). For the latter curve, the ordinate scale was chosen 50 
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times greater than for the preceding one since “phosphorescence” is generally speak- 
ing only a very small fraction of the total glow. According to our estimates, this 
fraction is about 2 per cent for rhodamine B and about 3 per cent for acridine 
orange. An interesting point is that on further lowering the temperature this frac- 
tion drops, e.g. for acridine orange at a temperature of —150° it is only 0-3 per 
cent of the total glow, whereas in the case of acridine orange in ethanol or in water 
with the addition of 2 per cent ethanol the phosphorescence spectrum has a maxi- 
mum at 615 mu and the relative intensity of phosphorescence rises with fall in tem- 
perature. 

The presence in the spectrum of prolonged after-glow of the two bands one of 
which has a maximum at 615 my coinciding with the maximum of the total glow and 
another maximum shifted to 690 mu allows us to attempt to interpret the first band 
as a prolonged component of the so-called «-glow arising on return of the molecule 
from the triplet to the singlet state with subsequent emission from the singlet level 
(transition S* — G) and the second as the $-band corresponding to the transition 
T — G. The glow with low value of t is from this point of view the rapidly decaying 
component of «-glow. 

Such an interpretation of the two bands observed in the spectrum of “phosphores- 
cence” may be confirmed by certain calculations. If we consider that the difference 
in the energies of photons corresponding to the maxima of both bands (615 and 
690 mu) is approximately equal to the difference in energies of the first excited singlet 
and triplet levels, then we get for this difference the value AE = 0-22 eV. On the other 
hand, it may be expected that the ratio of the intensity in the maximum of the «-band 
to that in the maximum of the 8-band, (I¢;5/Iggo) changes with temperature according 
to the law: 

oe Ae SEIRT 

In the graph depicting the dependence of In I¢,5/Igg, on 1/T (see Fig. 7) the points 
quite closely fit a straight line corresponding to the value AE = 0-14 eV. If we note that 
evaluation of AE from the shift in the maxima of both bands is not quite accurate 


231n Iea0/lei5 


Hr 


j 
S5AUT XK 10-3 








Fic. 7. Explanation in test. 
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and probably gives an overrated value then such convergence of the values of AE 
obtained from purely spectral measurements and from measurements of the temper- 
ature course of the intensity of both bands must be recognized as satisfactory and 
favouring the interpretation offered for these bands. 

It is important, however, to emphasize that the singlet level with which we are 
concerned here, is not the singlet level of the molecules of the dye responsible for the 
appearance of the “yellow” luminescence band in liquid and frozen aqueous solutions 
but the singlet level of some other centres of luminescence responsible for the origin 


of the “red” band. 


SUMMARY 


Thus, the entire body of experimental evidence presented here runs counter to 
the assumption of Szent-Gyédrgyi that the disappearance of normal fluorescence on 
freezing aqueous solutions of dyes and the appearance of a longer wave band on fur- 
ther cooling are to be explained by the passage of the molecules from the singlet ex- 
cited state into the triplet state with subsequent emission from the triplet level. This at 
the same time removes the possibility of interpreting the analogies, on which the bio- 
energetic concept of Szent-Gyérgyi is based, as a manifestation of the influence of 
various biologically active substances on the probability of the transitions S* + T 
and T > G in vivo. 

The dependence of the above-described phenomena on the concentration of dye 
in the solution naturally implies the possibility of an altogether different explanation 
of these phenomena. As is known, freezing of solutions results in a tendency for the 
dye to fall out of the crystal lattice of the solvent with formation on the one hand of 
colourless ice and on the other hand to form regions of raised concentration of dye. 
Szent-Gyérgyi allows for this fact and repeatedly stresses that to eliminate this phe- 
nomenon one must perform the freezing very quickly. However, our specially de- 
signed experiments showed that all the phenomena described, including the dependence of 
the relation of the bands on the concentration of the dissolved substance, have virtually 
an identical course both on slow and fast freezing in thin-walled tubes immersed in 
cooling mixture or in liquid nitrogen. It may thus be assumed that in regions of in- 
creased concentration of dye associates are formed. At a temperature close to the 
freezing point these associates virtually give no luminescence since very rapid dissipa- 
tion of the excitation energy into heat occurs, but as the temperature is lowered ther- 
mal quenching decreases and the luminescence of the associates intensifies. Thus, 
from the point of view proposed the centres responsible for the entire “red” lumi- 
nescence of frozen solutions—both for its «-band with fast and slow decaying com- 
ponents, and for the 8-band—are the associates of the dye molecules whereas mo- 
nomer molecules of the dye are responsible for the “yellow” band both in liquid and 
in frozen solutions. 

It is well known that many dyes, including rhodamine B and acridine orange with 
which we worked, form associates in aqueous solutions also at room temperature 
[5-7]. Therefore, the fact that for both these dyes the spectra of the “red” band in 
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frozen solutions with a concentration of 10-* M show good agreement with the 
fluorescence spectra of the aqueous solutions of these substances at a concentration 
of 10-? M at room temperature can be regarded as some confirmation of the explana- 
tion proposed for the phenomena described (Fig. 8). 
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Fic. 8. Spectra of glow of aqueous solutions of acridine orange. 1, +20°, concen- 
tration 10-*M; 2, —190°, concentration 10-*M. 


The results of our experiments and the different explanation offered by us of the 
phenomena noted by Szent-Gyérgyi do not in themselves belittle in the slightest the 
great interest offered by the paralelism between the biological activity of various 
substances and their effect on the luminescence phenomena described. If these par- 
allelisms are not considered to be the result of entirely chance coincidence—and this 
by virtue of their large number is improbable—then they have to be explained not 
from the point of view of the effect of these substances on the probability of the 
transitions S* — T and T > G but from the point of view of their effect on the forma- 
tion of complexes of particular molecules with each other or with other cell com- 
ponents. If confirmation had been given of the ideas of Szent-Gyérgyi on the important 
réle played in bioenergetics by processes of structuring and destructuring of water 
in the cells, then it could be assumed that the formation of such complexes or asso- 
ciates of molecules is connected with local changes in concentration of the correspond- 
ing molecules on formation or breakdown of zones of increased orderliness. Perhaps 
such notions to a certain extent are related to the ideas on the important rdéle of the 
process of formation of complexes with charge transfer, which Szent-Gydrgyi develops 
in his latest book [8]. 

Finally, we must note that our experiments confirm the observations of Szent- 
Gyoérgyi that the presence in solutions of given substances may alter in one way or 
another the relation between fluorescence and phosphorescence of the associates— 
to be more precise, between the « and 8-bands of their glow. It is possible that these 
phenomena are of some importance in the development of bioenergetic processes 
but it seems to us that they must be seen against a background of the basic phenomena 
of formation of associates of luminescent molecules. 
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(Received 22 November 1960) 


It is very likely, as shown by the available experimental evidence, that the chlorophyll 
in green plants exists, wholly or a large part of it [1, 2], in the form of a complex with 
protein-lipoid components of the granules of the chloroplasts. Although the problem 
as to the state of chlorophyll in the leaf is far from solved and opinions differ, this 
hypothesis can now be considered to have a very sound basis. 

Svet [3, 4] and Lyubinenko [5], in contrast to Ivanovskii [6] and a number of other 
workers who assumed that the peculiarities of chlorophyll in the leaf as compared 
with chlorophyll in dissolved form are to be explained by its colloid state, long ago 
arrived at the conclusion that these peculiarities result from the presence of a more 
or less firm link between the pigment molecules and other components of the granule, 
in particular, the proteins and lipoids. 

Further investigation of this problem took two directions. On one hand, attempts 
were made to isolate a natural chlorophyll-protein or chlorophyll—protein-lipoid 
compound in the pure form [l, 2, 5, 7, 8]. However, this work did not produce 
definite results. The products usually obtained—green coloured colloidal solutions—were 
highly complex systems and it was not possible to consider them as solutions of a 
pure complex of chlorophyll. Attempts to fractionate such systems [1l, 2, 9] also did 
not make a significant contribution to elucidating the nature of the complex. The 
difficulty in obtaining and investigating the complex is that the link between the 
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pigment and the protein or lipoid in the leaf is not stable. It is much weaker than in 
the case, for example, of phycoerythrin and is readily destroyed by chemical or even 
physical treatment. The most promising results were given in the work of Takashima 
[2, 7] who reported on the isolation of a complex of chlorophyll in a crystalline form 
from solutions in picoline. However, Krasnovskii and Brin [8] showed that the same 
crystals of chlorophyll can also be obtained minus protein and constitute apparently 
a complex of chlorophyll not with protein but with solvents of a basic nature. 


The other line of research consisted in attempts to isolate an artificial complex 
of chlorophyll with protein or lipoprotein from the plant. This line of research was 
pursued by Noack [10], Seybold and Engle [11], Osipova [12, 14] and Sapozhnikov 
{15, 16].This work, despite the fact that it yielded many interesting experimental 
results, also brought us little nearer solution of the problem of the nature of the bond 
between chlorophyll and protein in the leaf. 

It seems to us that one of the most interesting attempts to produce an artificial 
chromoprotein is contained in the work of Sapozhnikov [15, 16] who used as the 
chlorophyll-carrier the lipoprotein granules from the yolk of the hen’s egg. 

The latter are microscopic formations filling the vitellin spheres and consisting 
in the main of lipoprotein with a considerable number of free lipoids. They can be 
readily isolated in the form of a suspension by washing the decanted yolk suspension 
with water. The free lipoids can be removed by washing with ether. The chlorophyll 
readily settles on these formations, when added to a suspension of the granules in 
concentrated solution in acetone or alcohol or directly in the form of a colloidal 
solution. 

In previous work we showed that chlorophyll is able to photosensitize redox re- 
actions between ascorbic acid and other reductants, on the one hand, and methyl red 
and a number of other azo dyes, on the other, not only when dissolved in organic 
solvents but also in the form of a suspension of solid particles [17] and when adsorbed 
on a number of inorganic adsorbents [18]. Vorob’eva and Krasnovskii have also 
shown that this ability is displayed by the green colloidal solutions obtained from 
foliar homogenates [19]. 

Therefore, it seemed to us of interest to investigate the behaviour of a suspension 
of “adsorbates” of chlorophyll on yolk granules in relation to photosensitization of 
the reduction of methyl red, a reaction which has become classical in such investi- 
gations, all the more interesting since Sapozhnikov and Maslova [16] had already 
noticed the presence of photochemical activity in the artificial chromoprotein. The 
chlorophyll adsorbates on the lipoprotein granules can apparently be regarded as a 
closer approximation to chlorophyll in its natural state than on inorganic adsorbents. 


PROPERTIES OF YOLK GRANULES AND PRODUCTION OF A SUSPENSION AND 
ADSORBATES OF CHLOROPHYLL 


The yolk of the hen’s egg consists in large measure of lipoid and protein com- 
pounds, the former containing besides free fats, a large number of phospholipids [20]. 
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The proteins of the yolk, ovovitellin and the ovolivitin differ in their phosphorus 
contents. The former containing the main part of this pigment may be termed phos- 
phoprotein. As shown by experiments an extraction of the lipoids from the yolk with 
various solvents [20, 21], a considerable part of these compounds, in particular, leci- 
thin, is connected with the proteins forming more or less stable complexes. Osborne 
and Campbell [21] point out that this complex is not destroyed by sulphuric ether 
but that treatment with alcohol leads to extraction of lecithin. These authors consider 
that the protein is linked to the lipoid by chemical bonds. A similar point of view is 
held by Sell [22] who ascribes the strong emulsifying effect of egg yolk to the presence 
in it of a lipoprotein complex. Thus, it may be expected that repeat washing of the 
content of the yolk with water followed by treatment with ether should yield a residue 
containing in the main lipoproteins more or less rich in phosphorus. 

We prepared the suspension of yolk granules in line with the experiments of Sa- 
pozhnikov as follows. Two holes were made in the shell at opposite ends of a fresh 
egg to allow the egg white to escape and the remains of which were washed out with 
water. Then, after piercing the yolk membrane, its contents were discharged into a 
measuring cylinder, filled with water and agitated, then the cylinder was left for sedi- 
mentation. The upper layer of fluid was decanted, water again added and agitated. 
Decanting was repeated 7-8 times. 

The sediment was a dense yellowish suspension. Under the microscope a mass 
was seen composed of small formations of quite irregular shape ~1 my in size (a 
considerable part was in the form of larger aggregates) within which there were many 
small spherical inclusions of free fat. In a number of experiments we used this sediment 
directly to obtain the chlorophyll adsorbate. However, the presence of fat droplets 
was undesirable since besides chlorophyll adsorbed on the lipoprotein, the system 
might contain chlorophyll dissolved in the fat droplets which would confuse the picture 
of the sensitizing effect of chlorophyll. Consequently, it was desirable to remove the 
free lipoid which we did by extraction with sulphuric ether. To accelerate extraction 
a suspension of the sediment in ether after agitation was centrifuged at 1500 r.p.m. 
Extraction with ether and centrifugation were repeated until the layer of ether above 
the sediment after centrifugation was colourless and the residue white. Under the 
microscope no further fat droplets could be seen and the general appearance of the 
granules remained as before. 

The chlorophyll was adsorbed on the granules, usually from a strongly coloured 
acetone solution, by adding a small amount of the solution to the moist sediment 
of the granules in the tube; the sediment was then washed free of acetone in a filter 
with water. The green granules were removed from the filter and resuspended in water. 
The suspension obtained was used for the experiment. 

In a number of experiments, chlorophyll was added to the suspension in the form 
of an aqueous colloidal solution. In this case, adsorption of the pigment onto the 
granules occured somewhat more slowly but also gave satisfactory results. Fig. 1 
shows the absorption spectra of the suspensions of chlorophyll a+5. The red max- 
imum belonging to chlorophyll a lies in both cases at 668-670 mu. 
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Under the microscope it was possible to see individual granules and their aggre- 
gates stained green by the adsorbed chlorophyll. On illumination with ultra-violet 
light the suspension obtained by adsorbing chlorophyll onto the granules not washed 
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Fic. 1. Absorption spectrum of chlorophyll a+b adsorbed on yolk granules in glyc- 
erol. 


with ether fluoresced strongly whereas the adsorbate on the granules not containing 
free lipoids did not fluoresce or did so very weakly. It must therefore be assumed that 
pigment dissolved in the free lipoids was chiefly responsible for the fluorescence. 


PIGMENTS, APPARATUS AND DESIGN OF EXPERIMENTS 


In the experiments we usually employed a mixture of chlorophylls a and b obtained 
from dry nettle powder by the method of Zscheile [23]; the usual methyl red reagent 
was employed. Its solubility in water was raised by adding a small amount of phos- 
phate buffer, pH about 8, which made it possible to obtain an initial strongly coloured 
solution of this dye. 

The photochemical reaction was carried out in vacuum vessels repeatedly described 
in publications from our laboratory [24]. The source of illumination was a 300 W 
incandescent lamp with a condenser fitted with a filter absorbing infra-red rays and 
a KS-15 light filter holding back all rays of wavelength shorter than 640 mu. The 
spectroscopic measurements were made in a Beckman DU or SF-4 spectrophotometer. 

The experiments were usually conducted as follows: 4 ml of the suspension of 
chlorophyll adsorbates prepared and washed in the manner indicated above was trans- 
ferred to a vacuum vessel. The concentration of suspension added was so adjusted 
that its turbidity allowed absorption measurements in the spectrophotometer in the 
reelvant range of the spectrum (optical density of suspension of the adsorbate at 
500-520 my not greater than 0-6-0-8). Then, methyl red and ascorbic acid (10-20 mg) 
were added to the suspension. The methyl red was added in such a way that the 
optical density at 520 my given by this dye was 0-5-0-7. It should be noted that the 
appearance of the green suspension somewhat changed after addition of the acid. 
It became somewhat clearer and under the microscope it was clear that the granular 
aggregates had swollen and become more porous. For anaerobic experiments the 
air was removed from the suspension by vacuum pump for several min. 
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The suspension was illuminated by the illuminating apparatus and after a definite 
time interval the extinction measured at 520 my and the course of the sensitized reac- 
tion of the reduction of methyl red by ascorbic acid was judged from the changes in 
extinction. The results of the measurements and consequently, the course of the reac- 
tion are expressed in the graphs as percentages of the original extinction value for 
methyl red at 520 mu which was computed by subtracting the extinction of the sus- 
pension after complete decolorization of methyl red from the extinction value at this 
wavelength at the start of the experiment. 


RESULTS OF EXPERIMENT 
Fig. 2 (curve A) shows how the course of the photoreduction of methyl red by 
ascorbic acid was sensitized by the suspension of the chlorophyll adsorbates on yolk 
granules not washed with ether. Prolonged stay in the dark did not cause any change 
in absorption at 520 my whereas illumination with light adsorbed by chlorophyll and 


I 








{ 
| 
I 
| 
t 
! 
! 
! 
| 
! 
| 
| 
! 
! 
| 
1 
| 
! 
! 
| 
! 
! 
! 
: 


a L 
5 10 7] %& min 





Fic. 2. Sensitizing effect of adsorbates of chlorophyll a+5 on yolk granules on the photoreduction 

of methyl red. A, reductant, ascorbic acid, granules not washed with ether; B, same, granules washed 

with ether; C, reductant, phenylhydrazine hydrochloride; D, without reductant; T, in the dark; I, illu- 
mination. 


not by methyl red very rapidly led to decoloration of the acceptor. It should be noted 
that in a number of other experiments a small reduction of absorption in the dark 
was sometimes observed, in particular, when a newly prepared suspension was used. 
However, the control experiments showed that this was related to change not in methyl 
red but in the granules themselves, probably as a result of coagulation, swelling, etc. 

A similar picture of sensitization was also observed in the case of the suspension 
of adsorbates on granules washed with ether (Fig. 2, curve B). Although in the exper- 
iments illustrated in Fig. 2. the rate of decoloration of methyl red was lower for exper- 
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iment B than for experiment A, this is not at all a significant pointer since it was very 
difficult to produce identical experimental conditions in relation to the concentration 
of granules themselves and the pigment adsorbed on them. Curve C in the same 
figure indicates that the sensitizing effect was also observed using phenyl hydrazine 
hydrochloride as reductant instead of ascorbic acid. 

The control experiments with suspension of yolk granules without chlorophyll 
or with the pigment but without reductant show that methyl red in these conditions 
is not reduced on illumination with the light transmitted by the light filter mentioned 
above. Nor was the acceptor reduced on illumination after addition of a certain 
amount of acetic or oxalic acids, without reducing properties for the experimental 
solution without a reductant to produce pH conditions most closely approximating 
to the experiment (Fig. 2, curve D). 

The relation between the sensitizing effect and the pigment was confirmed by 
experiments aimed at discovering how the concentration of chlorophyll present on 
the granules affects the rate of sensitized reduction (Fig. 3). 

In these experiments, when adsorbing the pigments on the suspension, 0-05 ml 
chlorophyll solution of variable concentration in acetone with optical densities at 
665 mu ranging from 74 to 1 was added to the yolk granules. The rate of sensitiza- 
tion increased as the content of chlorophyll rose to a definite limit, culminating in 
saturation apparently connected with filling of the granule surface with the adsorbed 
chlorophyll so that any further increase in the sensitization effect becomes impossible. 
Experiments with even more concentrated solutions of chlorophyll also did not show 
any increase in rate. The rate of the sensitized reaction within definite limits depended 
on the ascorbic acid concentration of the solution. On change in the concentration 
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on curves, optical density at 665 my of solutions tin a+b; B, bacteriochlorophyll; C, protochlo- 
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text); T, darkness, I, illumination. I, illumination. 
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of ascorbic acid from 0-10-'M the reaction was accelerated, whereas further increase 
in the amount of acid did not change the rate of decoloration of methyl red. 

Photosensitizing power in the adsorbed state on yolk granules both washed and 
not washed with ether was also displayed by other pigments related to chlorophyll 
(pheophytins, bacteriochlorophyll, protochlorophyll and magnesium phthalocyanin). 
Fig. 4 (curve A) graphically depicts the sensitizing effect of pheophytins, with no such 
effect in the absence of pigment. Curves B and C show the sensitizing effect of 
bacteriochlorophyll and protochlorophyll. 

Experiments carried out using azo dyes as the electron acceptor —acid orange and 
acid blue—also confirm the sensitizing activity of chlorophyll on yolk granules. 

It was of interest to compare the activity of chlorophyll on sensitization in the 
adsorbed state on lipoprotein with the activity of this pigment in the molecular 
(dispersed) and colloidal state. Special experiments showed that with approximately 
equal optical densities in the region of the red absorption maximum of chlorophyll, 
the rate of the sensitized reaction using adsorbates on yolk granules is lower than 
in the case of true solutions of chlorophyll and considerably greater than for the col- 
loidal solution. However, it should be noted that owing to the difficulty in producing 
identical conditions for different systems, a precise quantitative comparison is not easy. 

In our investigations of the sensitizing power of chlorophyll in the heterogenous 
and adsorbed state [17, 18] it was established that the rate of the sensitized reaction 
with suspensions of the coagulated chlorophyll colloid or the adsorbates of chloro- 
phyll on Al,O, [18] falls much less in the presence of oxygen than is the case for solu- 
tions of pigment in organic solvent. The relevant experiments with the adsorbates 
on yolk granules showed oxygen to have a strong retarding effect as compared with 
that for true solutions. Despite the aqueous medium in which the solubility of oxygen 
was considerably less than for organic solvents, the oxygen had a strong effect, ap- 
parently due to its uptake by the protein-lipoid granules and due to the resulting 
increase in the effective concentration at the point of localization of the primary act 
of sensitization. 

In subsequent experiments, besides yolk granules we tried to use such organic 
adsorbents as peptone and milk casein. In the former case, a powdered reactive pep- 
tone at our disposal was used and in the latter, the sediment of defatted milk obtained 
by adding a small amount of ascorbic acid. Adsorption of the chlorophyll was by the 
same method as in the case of the yolk granules. In both cases it was possible to detect 
a quite well marked ability of the adsorbed chlorophyll to photosensitize the reaction 
between the methyl red and ascorbic acid. 


DISCUSSION 


The experimental results unambiguously show that chlorophyll and its analogues 
when adsorbed on protein-lipoid carriers are able to photosensitize redox reactions. 
It is therefore of interest to examine the structure of such an artificial complex adsor- 
bate. Sapozhnikov and Maslova (16) concluded from approximate calculations that 
chlorophyll must be located on the surface of the yolk granules forming a thin, almost 
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monomolecular layer. This conclusion, however, is in fact, not very sound since the 
composition of this system which we term a suspension of yolk granules, is highly 
complex both chemically and physically. The term suspension is hardly appropriate 
for systems obtained using granules not washed with ether (and precisely such gran- 
ules were used by Sapozhnikov and Maslova in most cases). In such systems there 
is a considerable number of extremely fine emulsified droplets of free lipoids, in partic- 
ular, fats, in which the chlorophyll is dissolved and which may be located both in 
water and on the surface and deep in the protein-lipoid particles. As we have already 
noted, the presence of such droplets also apparently explains the relatively strong 
fluorescence of the chlorophyll adsorbates on the unwashed granules. For washed 
granules the conclusion that the pigment is located on the surface of the granules is 
more probable. 

Thus, in the latter case, as with a suspension of chlorophyll aggregated and ad- 
sorbed on inorganic adsorbates, we apparently have a system in which the photosensi- 
tizing effect of the pigment is observed at the interface between the fixed pigment mol- 
ecules and the fluid in which the donor and acceptor of hydrogen (electron) are dis- 
solved. We have already dealt with the possible mechanism of such action [17]. The 
sensitizing action of the pigment is to be explained apparently by the fact that its mol- 
ecules after absorption of light may serve to transfer an electron from the donor to 
the acceptor receiving the electron from the donor and then giving it up to the acceptor. 
If the donor or acceptor or both together are capable of concentrating to an appre- 
ciable degree on the surface of the adsorbent next to the chlorophyll and moreover, 
forming a complex with the latter, then the redox reaction may be greatly facilitated. 
In the case of a triple complex, transfer of the electron from the donor to the acceptor 
may occur as it were in one act, since the locating of an additional electron in the elec- 
tron cloud of the pigment may take a very short time. 

The results of the experiments described here suggest that in the granules of chlo- 
roplasts the primary photochemical act of sensitization by chlorophyll may occur by 
the mechanism described above. The structure of the granules with layers of chloro- 
phyll separated by protein-lipoid layers may in effect be identical with the structure of 
the artificial chlorophyll-lipoid—protein complex. Outwardly the only difference is 
that the active surface of many layers of chlorophyll with a uniform particle volume 
is much greater in the case of granules as compared with the corresponding surface 
of chlorophyll in an artificial system where the chlorophyll is only at the surface of 
the granules. 

It is quite possible that the specific property of the chloroplasts in living cells is 
precisely their ability to link the corresponding donor and acceptor of the electron 
to a molecule of chlorophyll present within the granule, which leads to a more effective 
reaction as opposed to artificial non-living biological systems [17, 19] where the internal 
layers of chlorophyll are in effect closed to access of the donor and acceptor present 
in the external medium. 

In accord with the now widely-held views of chloroplasts as formations with semi- 
conductor properties [25-28] it may be considered that the absorbed light energy is 
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transmitted throughout the granules from any molecule of chlorophyll to the site of 
the reaction but nevertheless if only the layers of chlorophyll present on the outer 
surface of the granule were directly chemically active, then the effectiveness of the 
process would hardly be sufficient for the vital activity of the plant. A large number 
of layers of chlorophyll functioning directly within the structural units is apparently 
necessary for the plant to ensure the required effectiveness of the process if diffusion 
within the granule is impeded. 


SUMMARY 


The dependence of the redox reaction between ascorbic acid and methyl red in 
aqueous solution on illumination in the presence of chlorophyll adsorbates, and some 
of its analogues, on lipoprotein yolk granules has been investigated. 

It has been established that such adsorbates have a clear sensitizing effect on this 


reaction. 

The preparation of a suspension of yolk granules and their adsorption of pigment 
has been described. The effect of the concentration of chlorophyll on the rate of the 
photosensitizing reaction has been investigated. 

The possible mechanism of the sensitizing effect of chlorophyll in such systems 
has been briefly discussed. 
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OPTICAL PROPERTIES OF A SUSPENSION OF CHLORELLA 
PYRENOIDOSA* 


S. V. TAGEYEVA, A. B. BRANDT and V.S. KORSHUNOVA 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 
(Received 11 February 1961) 


THE peculiar nature of the optical properties of a chlorella culture has long attracted 
the attention of investigators owing to the wide use of this unicellular green alga as 
a very convenient object for study of the most diverse aspects of the process of photo- 
synthesis [1-5]. However, in recent years there has been a considerable increase in 
interest in chlorella cultures in connexion with attempts to cultivate it to obtain val- 
uable high quality food products [6] and with the fact (particularly important) that 
intensive chlorella culture can be used as an object of study in a new field of science— 
space biology. Therefore, photobiologists are now faced by a number of theoretical 
problems involved in devising the optimum light conditions for chlorella culture. So- 
lution of the problem is made difficult by the fact that the optical characteristics of 
a chlorella suspension are determined by its selective absorption spectrum and the 
suspension is a medium with strong light scatter. 

To establish the most effective experimental conditions, i.e. the optimum thickness 
of the layer of the suspension and its density (the number of chlorella cells per volume 
during cultivation and subsequent investigations, we have studied the absorption and 
transmission spectra of chlorella suspensions. 

The investigations were carried out with a universal apparatus with an integrator 
for studying the optical properties of plant leaves [7], specially re-equipped for inves- 
tigating of the optical properties of chlorella suspension, for which purpose instead 
of the leaf holder in the centre of the photometric integrator a holder was arranged 


*Biofizika 6: No. 5, 572-581, 1961. 





638 S. V. TAGEYEVA ef al. 


for two cuvettes which can be moved within the integrator, perpendicular to its optical 
axis, by means of an external handle. The control cuvette and that containing a sus- 
pension are introduced alternately by means of the handle into the beam of light en- 
tering the integrator along the optical axis, with simultaneous measurement of the 
photocurrent from the photomultiplier by a microamperemeter. The measurements 
were made over the entire spectrum. In accordance with a technique described by us 
previously [7] when carrying out the measurements the diameter of the incident light 
beam was 8 mm. (t was directed to the centre of the front wall of the cuvette of an 
area of 24x40 mm. Thereby scatter of light through the side walls of the cuvette was 
excluded and the light measured was solely that transmitted and reflected from the 
suspension without side scatter. 

In some determinations at A = 530-550 my we were not able to avoid side scatter 
of light but these cases will be specified in the further discussion of the experiments 

To obtain a monochromatic beam entering the photometric integrator, we used 
interference light filters with transmission maxima at A = 396, 440, 465, 482, 492, 
520, 523, 530, 556, 578, 587, 605, 632, 652, 660, 680, 688, 725 and 796 mu. The inves- 
tigations were carried out on a suspension of Chlorella pyrenoidosa kindly placed at 
our disposal by K. S. Spektrov of the Laboratory of Photosynthesis of the Timiryazev 
Institute of Plant Physiology to whom we express our deep gratitude. 
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Fic. 1. Spectral coefficient of light absorption by suspension of chlorella No. 1 with density of suspen- 
sion 25,800 cells per mm® with layer thickness of 1, 3, 5 and 10 mm. Abscissa, wavelength 4 in my; 


ordinate, coefficient of absorption A in %. 

Figures 1-3 present the spectral curves of the coefficients of light absorption by 
a suspension of chlorella of varying density and thickness of the test layer. The chlo- 
rophyll content of the chlorella suspension in this experiment was 28-9 mg per g dry 
matter or 0-376 mg per 10° cells. The content of carotenoids was 9-9 mg per g dry 
matter. 

Figures 4-6 give similar spectral curves of absorption for another chlorella suspen- 
sion containing 74°2 mg chlorophyll per g dry matter or 0-534 mg per 10° cells and 
26-1 mg of carotenoids per g dry matter. It is not difficult to see from comparison of 
the curves in these figures that with an increase in the chlorophyll content of the chlo- 
rella cells the spectral absorption coefficients of the suspension increased. With an 
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identical content of chlorophyll in chlorella cells of suspension No. | and the same 
thickness of layer the value of the spectral coefficient of light absorption by the sus- 
pension increased disproportionally to the increase in density of the suspension (Fig. 7). 
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Fic. 2. Spectral coefficient of light absorption by suspension of chlorella No. 1 with density of suspen- 
sion 45,800 cells per mm* with layer thicknesses of 1, 3, 5 and 10 mm. Abscissa, wavelength 2 in my; 
ordinate, coefficient of absorption A in %. 
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Fic. 3. Spectral coefficient of light absorption by suspension of chlorella No. 1 with density of suspen- 
sion 83,200 cells per mm? with layer thicknesses of 1, 3, 5 and 10 mm. Abscissa, wavelength A in mu; 
ordinate, coefficient of absorption A in %. 


Nor was there any proportionality in the increase in the light absorption coefficient 
with increase in the thickness of layer for the same density of suspension (Figs. 1-6). 

Increase in the density of chlorella suspension from 27,500 to 90,800 cells per mm® 
in thin layers (1-3 mm) caused a considerable increase in the absorption coefficient 
in red and blue light (40-90 per cent); the absorption coefficient in green light changed 
less. 
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The coefficient of light absorption by the suspension in thicker layers (5-10 mm) 
in the red and blue regions increased insignificantly as compared with a suspension in 
thinner layers and reached a maximum. With regard to absorption of light in the green 


% 
100 








n n ! 
400 500 600 700 500 A, mw 


Fic. 4. Spectral coefficient of light absorption by suspension of chlorella No. 2 with density of suspen- 
sion 27,520 cells per mm® with layer thicknesses of 1, 3, 5 and 10 mm. Abscissa, wavelength in my; 
ordinate, coefficient of absorption A in %. 
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Fic. 5. Spectral coefficient of light absorption by suspension of chlorella No. 2 with density of suspen- 


sion 50,000 cells per mm* with layer thicknesses 1, 3, 5 and 10 mm. Abscissa, wavelength 2 in mu 
o/ 


ordinate, coefficient of absorption A in %. 
region. with an increase in the thickness of layer of the suspension, the coefficient of 
absorption sharply rose (Fig. 6). 
Inspection of the curves shows that on cultivating chlorella in suspensions at a con- 
centration of about 100,000 cells per mm*, only the superficial layer of the suspensions, 
up to 5 mm thick, can be involved in photosynthesis, the chlorella cells in the deeper 
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layers virtually do not receive radiations active in photosynthesis (red and blue light) 
and are illuminated only by the green rays attenuated on passage through the upper 
layers of the suspension. 
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Fic. 6. Spectral coefficient of light absorption by suspension of chlorella No. 2 with density of suspen- 
sion 90,800 cells per mm* with layer thicknesses of 1, 3, 5 and 10 mm. Abscissa, wavelength 4 in my; 
ordinate, coefficient of absorption A in %. 
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Fic. 7. Spectral coefficient of light absorption by suspension of chlorella No. 1 5 mm thick with density 
of (1) 25,800 cells per mm®; (II) 45,800 cells per mm*; (III) 83,200 cells per mm*. Abscissa, wavelength A 
in my; ordinate, coefficient of absorption A in %. 


Suspensions with lower density are in more favourable position in relation to irra- 
diation since with a layer thickness of about 10 mm and a density of about 50,000 cells 
per mm‘, all the chlorella cells receive a sufficient quantity of light. 

It may be concluded from the results of our experiments that for the maximum 
yield of photosynthesis with cultivation of chlorella in steady conditions, the thickness 
of the layer of the suspension must not exceed 10 mm with a density of about 50,000 
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cells/mm*; with an increase in the density to 100,000 cells/mm*, the thickness of the 
layer must be reduced to 5 mm. Only if these conditions are observed can all the chlo- 
rella cells in the suspension take part in photosynthesis, thereby ensuring maximum 
productivity of the culture. It should be noted that the mixing (agitation) of the sus- 
pension usually employed for chlorella cultures only in part gives better light condi- 
tions for cultivation since photosynthesis will occur in cells located only in the 5 mm 
layer of the irradiated suspension but the cells deep in the suspension will expend 
energy on respiration and other processes without taking part in the accumulation of 
energy by the suspension. Hence, it follows that when cultivating the suspension in 
thicker layers, it is desirable to illuminate the cuvettes from both sides. 

An interesting point is to find out how far absorption of light by the suspension 
corresponds to the basic Lambert-Beer law of light absorption [8]. 

To check the correspondence of the light absorption of the chlorella suspensions 
to the Lambert-Beer law we used the formula 


log I,/Il = ked 


in which I,/I are the intensity of incident and transmitted light, c, density of suspension 
(number of cells per unit volume), and d, thickness of layer of suspension being meas- 
ured. 

If the light absorption by chlorella suspension fits the Lambert-Beer law, the coeffi- 
cient k (specific index of absorption) must remain constant for a given suspension 
for different densities and different layer thicknesses. 

Comparisons were made for wavelengths of irradiating lignt of 440, 556, 666 mu 
corresponding to the maximum and minimum absorption of light by chloroplast pig- 
ments. Table 1 gives some of the results obtained. 

Analysis of the results in the table indicates that the magnitude k in blue and red 
light was constant for the given suspension in almost all cases except for a very high 
density of chlorella or for thick layers. In green light k was not constant, which is con- 
nected with the scatter of light through the side walls of the cuvette with an insuffi- 
ciently high density of chlorella suspension. However, for very dense chlorella sus- 
pensions the value of coefficient k is constant in green light. 

On the basis of the experimental material discussed, it may be contended that the 
Lambert-Beer’s absorption law is applicable to the chlorella suspension despite the 
heterogeneity of the system. 

It will be seen from the same table that different suspensions of chlorella have 
somewhat different values of k and a different extinction for an identical density and 
identical layer thickness. 

What is the cause of these differences and is there any general principle linking 
the various suspensions? 

To answer this question we give in Table 2 some results of investigating chlorella 
suspensions after arranging them according to the degree of increase in chlorophyll 
concentration in the test volumes and assuming that in all the suspensions of chlorella 
the main absorbent of light at A = 660 my is chlorophyll. We tested the validity of 





Optical properties of a suspension of Chlorella pyrenoidosa 


TABLE 2. OPTICAL PROPERTIES OF SUSPENSION OF CHLORELLA IN RELATION 
TO CONTENT OF CHLOROPHYLL IN TEST VOLUME 





Density of | | Concentra- 
| Thickness | chlorella | Chlorophyll ‘tion of chlo- 


Suspension | of layer | suspension mg/10 cm? | rophyll in 

No. | (mm) (cells/mm? | (mg/100 cm?)| test volume (A=660 mu) 
| 10°) x 1 mm) | (mg/100 cm*| A = 660 my | 
x dmm) 





27°5 0-156 0-052 
45:8 0-170 0-078 
50-0 0-283 0-117 
25°8 0-285 0-120 
83-2 0-308 0-130 
90:8 0-513 0-230 
27°5 0-468 0-148 
25.8 0-475 0-180 
45-8 0-510 0-215 
27:5 0-780 0-248 
50-0 0-849 0-310 
45-8 0-850 0-338 
83-2 0-924 0-358 
25°8 0-950 0-342 
90-8 0-590 0-700 
50-0 1-465 0-530 
27:5 1-560 0-536 
83:2 1-540 0-700 
45:8 1-700 0-770 
90:8 2:565 1-250 


— 


_— 


— 


1 
1 
1 
3 
1 
1 
3 
5 
3 
5 
3 
5 
3 
0 
3 
5 
0 
3 
0 
5 


Mean of series —0-40. 
Mean square error of measurement +0-05. 


Lambert-Beer’s law in relation to the content of chlorophyll in the volume of sus- 
pension investigated. 

The table gives the calculated values of the coefficient k for 4 = 660 my, the mean 
of these values being 0-40. 

It may thus be concluded that the factor determining observance of the Lambert- 
Beer law is apparently the concentration of pigment in the test volume of the chlorella 
suspension. 

Fig. 8 gives the curves of the coefficient of light absorption by various suspensions 
of chlorella for different layer thicknesses and cell densities. The figure shows that the 
absorption curves are arranged in definite groups united by an identical content of 
chlorophyll in the test volume of suspension. This again demonstrates the decisive 
réle of chlorophyll content for the optical properties of chlorella. 

To elucidate the relation between light absorption by chlorella suspension and the 
concentration of pigment we plotted the graph in Fig. 9. As can be seen, the absorption 
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coefficient of the red and blue rays reach a maximum for a concentration of chlorophyll 
of 2 mg/100 cm? d mm. 

As for the green rays they passed through layers with considerably greater concen- 
trations of pigments, up tp 4 mg/100 cm?-d mm. 
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Fic. 8. Spectral coefficient of light absorption by suspension of chlorella as a function of content of 
chlorophyll in test volume. C,, 25,520 cells/mm*, d = 1 mm, chlorophyll 0-156 mg/vol; C,, 45,800 
cells/mm* d = | mm, chlorophyll 0-170 mg/vol; C,, 50,000 cells/mm*, d = 1 mm, chlorophyll 0-283 
mg/vol; C,, 25,800 cells/mm*, d = 3 mm, chlorophyll 0-287 mg/vol; C,, 27,520 cells/mm*, d = 3 mm, 
chlorophyll 0-467 mg/vol; C,, 25,800 cells/mm*, d = 5 mm, chlorophyll 0-477 mg/vol; C,, 45,800 
cells/mm*, d = 3 mm, chlorophyll 0-508 mg/vol; C,, 50,000 cells/mm’, d = 3 mm, chlorophyll 0-850 


mg/vol; C,, 45,800 cells/mm’, d = 5 mm, chlorophyll 0-850 mg/vol; C,,, 50,000 cells/mm*, d = 5 mm 

chlorophyll 1-415 mg/vol; C,,, 27,520 cells/mm*, d = 10 mm, chlorophyll 1-560 mg/vol; C,., 83,200 

cells/mm*, d = 5 mm, chlorophyll 1-520 mg/vol. Abscissa, wavelength 2 in my; ordinate, spectra 
coefficient of light absorption A in %. 








a 
2 J 4 mg/l0 cm’ dmm 





Fic. 9. Spectral coefficient of light absorption by suspension of chlorella as a function of concentration 
of chlorophyll in test volume. 1, at A = 400 mu; 2, A = 660 my; 3, A = 558 mu. Abscissa, content 
of chlorophyll in test volume, mg/100 cm*d mm, ordinate, coefficient of light absorption A in %. 
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SUMMARY 

(1) Absorption of light by chlorella suspensions corresponds to the Lambert-Beer 
law, despite the fact that the chlorella suspension like all turbid media is a scattering 
medium. This factor can considerably facilitate calculations of the susceptibility to 
irradiation of chlorella in various conditions of cultivation. 

(2) Observance of the Lambert-Beer absorption law is determined in the main 
by the concentration of chlorella pigments in the test volume and to a lesser degree 
depends on the specific character, size and number of cells in this volume. 

(3) On the basis of the results obtained it is possible to select the most advantageous 
combination of chlorella suspension in terms of density, layer thickness and concen- 
tration of pigments in the volume of suspension for characterizing its optical prop- 
erties. 

(4) The most favourable conditions of irradiation when cultivating suspensions 
of chlorella in a static culture can be achieved for a suspension density not exceeding 
50,000 cells per mm® and for a thickness of the layer of suspension, illuminated from 
both sides, of not more than 20 mm. With an increase in the density, the thickness of 
the layer must be reduced; only in these cases will all the chlorella cells be fully supplied 
with radiant energy (blue and red regions). In the cultures usually employed with 
mixing of the suspension these standards of density and thickness of the layer can 
undoubtedly be increased. 

(5) Since photosynthesis also occurs in the yellow-green region of the spectrum, it 
is desirable for improving the susceptibility to irradiation of thicker layers of chlorella 
to use sources of radiation having, together with the red and blue regions of the spec- 
trum, sufficiently powerful radiation in the yellow-green region. 
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INTRACELLULAR pH OF NITELLA FLEXILLIS AT REST 
AND DURING EXCITATION* 
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EXTENSION of the study of the nature and dynamics of biopotentials, the determination 
of the activities of various ions and a number of other pointers have made necessary 
the simultaneous investigation of the complex of physicochemical magnitudes char- 
acterizing the vital state of cells and tissues. A special aspect of this subject forms the 
theme of the present paper which is chiefly concerned with determination of the pH 
of the contents of the large cells of the fresh-water alga Nitella flexillis and also the 
connexion between pH and the resting and action potentials. 

Such investigations require refined microelectrode techniques [1-3] and the devel- 
opment of new, highly sensitive and stable recording electronic amplifiers permitting 
synchronous recording of several parameters [4]. 

Large internodal cells of up to 1 mm in diameter and 50 mm in length were studied. 

The Nite//a culture was grown in sandy soil with pond mud in glass vessels containing 
tap water. As a rule, the cells were not covered with any other algae and were well 
visible under the microscope. 

The experimental arrangement was as follows. Thirty min before the experiment 
the cell was placed in a chamber consisting of a plastic plate with sealed sides of the 
same material forming a channel 2-3 mm wide. A cut was made in each side, 10 mm 
apart, through which the microelectrodes were inserted into the chan: ihere was 
a small depression in the plate—a reservoir—in which the solution for washing entered 
in drops (usually 10-4 M potassium chloride in tap water). After passing through the 
channel the solution, again in drops, passes to the outlet. The speed of flow of solu- 
tion along the channel (in our experiments 2-3 cm/sec) was regulated by varying the 
angle of slope of the chamber. The washing solution, as a rule, was thus insulated 
from earth, so preventing leakage of electric currents. This is particularly important 
in work with microelectrodes of high resistance. 

The chamber was illuminated from below by light which after passing through the 
object entered a MBS-1 binocular microscope. 

The tip diameters of the microelectrodes were 2-4 u. Thinner microelectrodes when 
inserted into the cell broke because of the tough cellulose membrane of the alga cell. 

The resistance of the antimony microelectrode (C) of this size was of the order of 
several thousand MQ. The method of preparation has been previously described [3]. 
The glass capillary microelectrodes (M) filled with 3 M KCl were connected to a ca- 
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lomel half cell by means of a rubber sleeve. In one case they were used to measure the 
potential difference at rest (r.p.) in the usual way and in the other served as the intra- 
cellular indifferent electrode. The indifferent external electrode (I) was another calomel 
half—cell in contact with the solution in the reservoir. Both microelectrodes (capillary 
and antimony) were inserted horizontally into the cell by means of the two arms of 
a micromanipulator. Such an arrangement enabled us to inspect the object, check 
visually on the insertion and position of the microelectrodes and also to follow the 
movement of the protoplasm which serves to denote the normal state of the resting cell. 


Fic. 1. Experimental arrangement. 1, indifferent external calomel half-cell-I; 2, in 
flow; 3, reservoir; 4, object in channel of chamber; 5, intracellular capillary micro- 
electrode—M;; 6, intracellular antimony microelectrode-c. 


After inserting the microelectrodes into the cells the following parameters (Fig. 1) 
were recorded: potential difference between I and M which, on deducting the inherent 
potential of the capillary microelectrode [5, 6] is the r.p. Next, the potential difference 
between M and C (where M serves as the intracellular indifferent electrode), the value 
of which, after deducting the inherent potential of the capillary microelectrode, de- 
pends solely on the intracellular pH (hereafter P,,,). The latter derives from the fact 
that two symmetrical capillary microelectrodes inserted into the cell do not display, 
any potential difference between the various parts of the cell contents. As a control 
we also measured the potential difference between I and C being the sum of r.p. and P, 4. 

The measurements were made with a specially designed universal apparatus with 
automatic synchronized switching of the input channels of the recording electrometer 
according to a number of paired combinations of the three electrodes. The main ele- 
ments of the apparatus are: (1) input channel switch synchronized with the switch of 
the recorder channels (if only one channel is required synchronization is achieved by 
a hand switch); (2) highly sensitive electrometer stage; and (3) output amplifier stage 
matching the output with the low ohmic input of the recorder. 

The circuit diagram of the channel switch is shown in Fig. 2 (a and b). For selection 
of the required pair of electrodes small-sized relays of the RSM type are used with 
high intercontact resistance (greater than 10” Q), one relay is used for each recording 
electrode. This reduces the influence of the parallel circuits in other possible variants 
of switching and ensures maximum resistance of the input of the electrometer stage. 
The sequence of commutation is as follows: the first position—the antimony micro- 
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electrode (C) is joined through a normally-closed contact to the grid of the electro- 
meter valve; switch on of relay 1 earths I through the normally open contact and the 
sum r.p+P,, is measured; second position—relay 2 is switched on and earths M 
and P,,, is measured; third position—relay 3 is switched on, closing M through the 
normally open contact with the input of the electrometer simultaneously cutting C 
off from it through relay 4 and earthing I through relay 1 and r.p. is measured. 




















Fic. 2. (a and b) Circuit diagram of switch for electrometer channels. C, M, I, recording electrodes: 
1, 2, 3, 4, relays and contacts; I, LI, III, position of channel switch. Measurements: 1(4-1)—r.p.+ Ppx; 
11(4-2)—Ppx; If (3-1)—t.p.; P, synchronization switch. 


Synchronization is achieved by a minor adjustment of the channel switch of the 
recording potentiometer so that it only commutates the relays and does not switch 


over the channels of the recording device, the input of the recorder in this case is con- 
nected to the output of the electrometer amplifier and therefore, works synchronously 
with the input of the entire apparatus. For calibration of the recorder scale in mV 
divisions and for measurement of the values of the potential differences by a compen- 
sation circuit, provision is made for a voltage supply through a potential divider and 
a M 80/1 type voltmeter. 

An important factor is the insulation resistance of the supply coils and the input 
joints of the electrometer switch and therefore, RK-50 co-axial cable and television 
antennae joints with polystyrene insulation are used in the apparatus. The design of 
the electrometer had to meet stringent requirements in relation to immobility of the 
leads to the grid of the electrometer valve as small vibiations may be picked up as 
a false signal. Therefore, the relays of the commutation device are set up on a cast 
iron attachment with a layer of microporous rubber, which substantially reduces the 
transmission of vibrations to the input of the electrometer valve during operation of 
the relays. 

The electrometer stage of the recording instrument is connected in an asymmetrical 
parallel-balancing circuit on a miniature 2E2P double tetrode. In good conditions 
this circuit (Fig. 3) is marked by high stability to changes in the supply voltage—the 
total drift of the apparatus does not exceed 0-4 mV per hr when used without stabilized 
supply sources. The essential parameters here are: (a), the voltage of the first grid 
(instead of 4V according to the characteristic from the stability plateau) is equal to 
3-5-3-6 V; (b) the filament current must be less than the rated by 6-8 mA and is usu- 
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ally 47-48 mA; and (c) anode voltages are not greater than 6 V. The circuit devised 
ensures a highly stable system with maximum sensitivity and complete interchangea- 
bility of the valves. The electrometer stage may be used independently with the output 
taken to a mirror galvanometer. 
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Fic. 3. Circuit diagram of electrometer apparatus 1-2, output to automatic electronic potentiometer; 
3-4, output to electromechanical potentiometer; a—a, filament voltage 5V. 


The output amplifier stages are designed in relation to the type of recording poten- 
tiometers used. Using electronic potentiometers of the KV and EPP-09 type, one 
symmetrical balanced amplification stage on a 6N2P valve suffices, since these auto- 
matic potentiometers tolerate external circuit resistances of some hundreds of ohms 
and more. Resistance R,, is used for smooth regulation of sensitivity and Ry, for rough 
adjustment which may also be switched in the form of a divider. Zero setting is achieved 
roughly by changing the anode voltages of the output stage by means of variible 
resistance R,, and smoothly by changing the voltage of the anodes of the electrometer 
valve by means of resistance Rg. The linear zone of the input voltage was not iess than 
0-8 V; the 1equired limits for recording on the whole scale of the recorder can be set 
by regulating the sensitivity. The maximum sensitivity of setting exceeds 0-1 mV/mm. 
The electrometer valve is supplied with 12 V from acid accumulators, the filament and 
anodes of the 6N2P valve from alkaline accumulators of 5 and 80 V respectively. Using 
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the widely employed electromechanical potentiometers (MSSh-47) a third stage is pro- 
vided, the circuit is arranged as a symmetrical balancing cathode follower on a 6NIP 
valve, the output resistance of which, to match the low ohmic input of the bridge, 
is 20 QQ. 

In our investigations we used an electronic automatic potentiometer of the eK VT 
12 EN type with a traverse time of 1-5 sec, the 12-channel switch was adjusted for 
synchronous commutation of the three input channels of the electrometer apparatus. 

The work, done over a year, of determining the intracellular pH and also in studying 
a possible correlation between the r.p. and the pH of Nitella cells showed that since 
recording is automatic the dynamics of these values can be followed up by the appa- 
ratus described with great accuracy for many hours. 


The high input resistance of the apparatus makes it possible to work with the anti- 
mony microelectrode within pH limits from 3-10. Even at pH 10 the current density 
passing through the tips of the antimony microelectrodes (2-4 u diameter) was at least 
one order of magnitude less than the maximum permissible (0-5~107*A/u?). On 
calibration of the antimony microelectrodes, it was established that the relation 
between the pH of the solution and the potential difference between the calomel half 
cell and the antimony microelectrodes in these limits is described by the equation 
E=E,—(0-009+0-052 pH) and is strictly linear; it was also shown that contrary to 
the predictions of some workers [7] the antimony microelectrode does not change 
its properties on prolonged contact with the contents of the cell. 


The antimony microelectrode on prolonged stay in the cell is itself not poisoned 
by biocolloids and like a capillary one does not appreciably influence the properties 
of the cell such as the r.p., the intracellular pH and the rate of flow of protoplasm. 
Insertion of any microelectrode through the tough cellulose membrane of the cell 
usually causes mechanical irritation accompanied by a single excitation wave and a 
corresponding brief arrest of the protoplasmatic flow [8, 10]. After recovery of the 
initial r.p. and renewal of normal flow, no clots of protoplasm near the tip of either 
the capillary or antimony microelectrodes can be detected under the microscope. 
Normal flow of protoplasm is an excellent criterion of cell integrity as even local 
damage to it always results in formation of at least a small clot of arrested protoplasm 
[10-12]. 

These findings and also the above-mentioned absence of a potential difference 
between two symmetrical capillary microelectrodes inserted into the same cell once 
again confirm that the r.p. precedes and is not the result of damage of the protoplas- 
matic structures by the microelectrodes. These factors undoubtedly support the ideas 
previously expressed on the nature of the r.p. [13]. ; 

Excitation of the cell is always accompanied by an appreciable reversible change 
in the viscosity of the protoplasm with cessation of movement. The absolute refractory 
phase terminates before renewal of the normal flow of protoplasm but the excitation 
appearing against a background of moving protoplasm is always accompanied by 
cessation of this movement [8, 12, 14, 15]. Hence, it follows that the origin of the action 
potential (a.p.) is most probably coupled not so much with changes in the properties 
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of the cell membrane as with definite reversible changes in the submicroscopic 
structure of the protoplasm—in the configuration of protoplasmic polymer struc- 
tures. 

During the experiments we, like a number of other investigators [10, 12], failed 
to detect any change in the potentials at the boundary of the protoplasm and vacuoles 
which makes it necessary to revise a number of accepted views on the réle and nature 
of the tonoplast in plant cells and not only in the cells of Characeae algae [16, 17]. 

It is important to note also that we were not enable to detect differences in 
pH between the protoplasm and the vacuole with antimony microelectrodes. The 
different coloration of the protoplasm and vacuole with colour indicators, usually 
regarded as a sign of the existence of differences in pH between the protoplasm and 
vacuole, apparently must be put down to the specific sorption properties of the proto- 
plasm and not the actual activity of the hydrogen ions in these structures (this does 
not mean that the sorption properties of the protoplasm do not change, should the 
intracellular pH change for any other reason). 


A particularly interesting point is whether changes in the internal pH of the cell 
arise on excitation. This problem assumes particular interest after the publication of 
the monograph by Segal [18], in his theoretical arguments a leading réle is assigned 
to such changes in pH. It was important to establish whether there was actually any 
or no changes in pH during excitation and not the absolute values of the pH at each 
separate moment of the development of the a.p. The ascending phase of the a.p. in 
Nitella lasts up to 3 sec [12]. The descending phase is much longer, 60 sec and more; 


it can, in addition, be greatly extended by reducing the content of potassium ions in 
the solution bathing the cell. With such slow processes (as compared with the a.p. 
of nerve axons and muscle fibres) it was possible (with some distortion) to record 
the action potentials of the cells of these algae and attempt to discover possible changes 
in pH during the development of the excitation wave. We had to choose between two 
methods. We could have made a continuous ink recording in any of the three chan- 
nels of the apparatus. However, this would have eliminated the possibility of com- 
paring the parallel changes in the values investigated. We therefore chose the second 
approach; the recording was done in the usual conditions employed with the apparatus 
in which change in each of the three channels was made after 6 sec and after measure- 
ment for 3 sec was automatically noted on the recording strip. Since the value of the 
change in the potential of the cell contents during the a.p. was measured in two channels 
(see above) then the next point of reading coincided with a definite phase of the a.p., 
passage of which could thus be recorded fairly accurately. 

We produced autorhythmic repetitive excitation waves by placing the object— 
cells of algae grown in the conditions described above—in running 10-* N KCl in 
distilled water (i.e. virtually without ions of other alkalis or alkaline earths). The cell 
was excited at definite, very gradually increasing intervals. 

As recording was done for an hour and more (in parallel, alternately) in all three 
channels, it was possible to obtain data for each of the three parameters measured 
for practically any moment of the a.p. Inspection of a segment of the recording strip 
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with the data of such an experiment (Fig. 4) convincingly shows that (within the 
limits of accuracy of the method) no changes could be detected in pH during passage 
of the excitation wave. The curve of measurements of the sum of r.p.+P,, in the 
same way as that for the r.p. and its variations provides a clear record of the individual 
moments of the action potentials. The graph depicting the changes in the P,,, is a 
straight line indicating that the origin of the a.p. is not connected with change in the 
pH of the cell contents. 
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Fic. 4. Portions of recording strip. 1, potential difference between I and M-r.p. (and a.p.); 2, potential 

difference between M and C—P,3;; 3, potential difference between I and C—tr.p. (and a.p.)+Ppx. 

Time scale: 1 cm=3 min. For facility of inspection experimental points are joined up. Explanation 
in text. 























These findings apply apparently both to the pH of the vacuole and of the proto- 
plasm as the observations of a number of people working with microelectrodes on 
various species of Nitella [10, 12] suggest that the tip of the microelectrode which 
initially is found most often to have been inserted into the vacuole, after 20-30 min 
is surrounded by flow of protoplasm. We were not able to inspect in the experiment 
the boundary of the protoplasm and vacuole but carried out the experiments for much 
longer periods than is necessary for completion of the process of gradual envelopment 
of the tips of the microelectrodes by the protoplasm. True, the next a.p. of the rhyth- 
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mically-excited cell appeared, as a rule, before the renewal of the normal movement 
of the protoplasm, which may slow down this process. 

The internal pH of the internodal cells of Nitella flexillis from the same culture 
of algae varied from 4-8-5-3 (values of 4-9-5-0 predominating) for an external pH 
of 7-8-8-0. The differences in the values of the intracellular pH may have been due 
among other things to the different ages of the cells tested. 

Our findings reveal an interesting pattern in the distribution of potassium and 
hydrogen ions. For the potassium ions (according to Osterhout [19] for the cells 
of Nitella clavata) the ratio of concentrations of potassium ions is 1:1065 and for 
hydrogen ions (our data) the ratio of activity is roughly of the same order. 

The similarity is further heightened if we remember that Osterhout determined 
the gross concentration of potassium ions in the cells whereas the hydrogen-reversible 
antimony microelectrode determines hydrogen ion activity. The distribution of the 
particular ions between the cell and medium, to the extent that it determines the value 
of the r.p., depends precisely on the activities and not the gross concentrations. 

Cultivating the algae in the conditions described in experiments with solutions 
in tap water we could, of course, not obtain more precise quantitative data on the 
coincidence of the activity gradients for potassium and hydrogen ions between the 
cell and medium. For this we would have had to cultivate the culture of algae in 
artificial medium of known constant composition. 

Nevertheless, these as yet approximate data suggest that unlike the cells of animal 
origin in which appreciable hydrogen ion gradients are not observed [20-22], the 
distribution of these ions between large cells of Characeae algae and the external 
medium is governed by the same laws as for the distribution of potassium ions. 


The authors wish to thank A. M. Sinyukhin for kindly making available the culture 
of Nitella flexillis. 
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THE functional changes in the submicroscopic elements of cells involved in protein 
synthesis are engaging the attention of an increasing number of investigators [1-4]. 


In this connexion, the nerve cells are one of the best specimens for studying the intra- 
cellular patterns of high intensity protein synthesis. Many investigators have shown 
that stimulation of the neurone results in change in its chemical composition and 
especially change in the amount of protein, nucleic acids and polysaccharides. It may 
be assumed that the functional changes in the chemistry of the nerve cell find a def- 
inite reflexion in changes in the submicroscopic structure of the neurone. 

This work is concerned with a combined cytochemical and electron microscopic 
investigation of nerve cells in a state of relative rest and on intense functional stimu- 
lation. The aim of the work was to determine the correlation between the changes 
in the substances involved in protein synthesis and submicroscopic cell morphology. 

In earlier work by Brodskii [5—7] he showed that in the ganglion cells of the frog 
retina, first kept for a long time in the dark, light stimulation is immediately followed 
by active synthetic processes localized chiefly in the nucleus. 

We repeated the experiments with light stimulation of the retina. In this paper 
we shall deal with a comparative cytochemical and electron microscopic analysis of 
the ganglion cells of the retina in two functionally different states: in a state of relative 
rest (the retina of frogs kept for 1 day in the dark before fixation) and in a state of 
intensified activity (retina of animals exposed after 1-day stay in the dark to 1-5 hr 
flickering light). As follows from the more detailed cytochemical investigation [7], in 
the retina of dark-adapted animals the ganglion cells are in a state of preparedness 
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for protein synthesis in the nucleus, which begins in the first minutes after the start 
of light stimulation. After stimulation for 1-5 hr the synthetic processes are at their 
maximum. 

For investigations we took the retinas from 3-5 frogs kept in the dark and from 
an equal number after light stimulation. The tissue after rapid separation was pre- 
pared for spectrophotometric and interference investigations [8]. At the same time, 
parts of the same animals were fixed, for electron microscopic investiga- 
tion, in buffered OsO, solution cooled to +4° (according to Palade [9]) for 1-5 hr and 
also in 5 per cent OsO, vapour for 2-5-3 hr. The material fixed with osmium accord- 
ing to our routine schedule was embedded in a mixture of methyl- and butylmetha- 
crylate (1:5). The blocks with the tissue were orientated in such a way that all the 
layers of the retina were within one section. Sections 200-350 A thick were prepared 
on a “LKB Ultratom” ultramicrotome. The sections were placed on specially treated 
meshes with formvar film of about 100 A thick [10] and investigated in the improved 
UEM-100 electron microscope (accelerating voltage 60 kV, aperture diaphragm of 
condenser lens 0-28 mm, objective lens 30 w) [11]. 


As is known from cytochemical and autoradiographic investigations, the main 
synthetic processes in the neurone occur in the so-called perikaryon or body of the 
nerve cell, i.e. in the nucleus, in the cytoplasm surrounding the nucleus and the den- 
drites. The axon, the linear dimensions of which are, as a rule, hundreds of times 
greater than those of the cell body, possesses a considerably lower level of metabolism 
than the body of the cell. The axon does not contain such substances as RNA, poly- 


saccharides and certain enzymes. Since we were primarily interested in the structural- 
chemical relations in the process of protein synthesis, and the neurone was selected 
for study mainly for this reason, in the present paper only the properties of the body 
of the nerve cell will be discussed. As will be shown in subsequent communications, 
definite functional changes also occur in the ultrastructure of the glial elements of the 
retina. The volume of the nuclei of the ganglion cells of the retina as with many small 
neurones, exceeds the volume of the cytoplasm and the dendrites on average by 3 
times and in some cells by 4-5 times. The nuclei of the ganglion cells of the retina 
at the stage of dark adaptation are not only large but, as interferometric measure- 
ments showed, possess considerable density: the dry weight of the nucleus, i.e. content 
in it of proteins, nucleic acids and other substances retained in the tissue after fixation, 
exceeds the dry weight of the cytoplasm. These findings fully concur with the results 
of spectrophotometric investigation, showing that the contents of protein, RNA, 
and free nucleotides in the nuclei of the neurones of the retina at this stage are consid- 
erably higher than the contents of these substances in the cytoplasm. 

The main changes after physiological stimulation of the ganglion cell occur in the 
nucleus [7]. Immediately after light stimulation of the retina, accumulation of proteins 
in the nuclei of the ganglion cells begins. Later the amount of protein in the nucleus 
falls and at the same time the concentration of proteins in the cytoplasm and axon 
increases. Then, the amount of proteins in the nucleus again increases. In the nucleus, 
the concentration of RNA also changes in cycles connected with the metabolism of 
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the free cell nucleotides. Each drop in RNA concentration in the nucleus is accom- 
panied by an increase in the content of free nucleotides both in the nucleus and in the 
cytoplasm. Disintegration of part of the nuclear RNA is a peculiar mode of providing 
free nucleotides, a necessary component of protein biosynthesis. In the cytoplasm 
of the ganglion cell after light stimulation of the retina there is a gradual increase in 
the RNA concentration, starting not at once as for the nucleus but 20-40 min afte1 
the start of stimulation. The length of the latent period and also the rate and intensity 
of changes in the content of RNA depend on the functional load. The concentration 
of RNA in the cytoplasm increases 2-2-5 times 1-5-2 hr after the start of stimulation 








Diagrammatic representation 
Structural peculiarities of ganglion cell of frog retina, A on dark adaptation and B after light stimu- 
lation. Polarity in arrangement of cell structures visible. 


of the neurone. The protein content of the cytoplasm during the first 40-60 min of 
stimulation varies with the changes in content of these substances in the nucleus. 
Subsequently, formation of proteins probably occurs not only in the nucleus but in 
the cytoplasm of the cell body. The extremely low content of free nucleotides invar- 
iably found in the cytoplasm may apparently be determined both by the dynamics 
of nuclear RNA and by synthesis of these compounds. 

On investigating the ganglion cells of the frog retina in the electron microscope 
definite polarity was seen in the structure of these cells: a large proportion of the cy- 
toplasm and organoids is located in the distal part of the cell (in relation to the axon) 
whereas in the lateral and proximal parts the width of the cytoplasmatic layer surround- 
ing the nucleus is extremely small often not exceeding 0-2 uw (see diagram). 





Submicroscopic morphology of ganglion neurones of retina 


Fic. 1. Basal zone of ganglion cell of frog retina in state of dark adaptation. Notations (Common 

to all figures). N, nucleus; Nu, nucleolus; Nm, nuclear membrane; Np, nuclear pore; Pn, perinuclear 

space; In, invagination of nuclear membrane; Ch, chromocentre; Nn, nucleonemes; R, ribosomes; 

er, endoplasmic reticulum; erg, granulated endoplasmic reticulum; ag, zone of Golgi’s apparatus; 
M, mitochrondria; pm, promitochrondria. 
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In the state of dark adaptation of the retina the contours of the nuclei of the gang- 
lion cell are irregular, with frequently observed invaginations (1-3 uw) of the nuclear 
membrane deep into the nucleus. The distance between two nuclear membranes is 
fairly fixed at 200-280 A. The dimensions of the nuclear pores are 300-500 A (Figs. 2 
and 3). The karyoplasm consists of a dense network formed of fibrous granular struc- 
tures, so-called nuclear threads or nucleonemes [12] scattered in a multiplicity of dense 
granules 150-170 A in size. Besides single nucleonemes thicker formations up to 600 A 
in width, consisting apparently of several nucleonemes, often are encountered. The 
distance between the individual ones reaches 300-600 A. Alongside the threads 1-2 
nucleoli are encountered in the nuclei, seen as compactly arranged granules with a dia- 
meter of 150-160 A and a seperation of 180-200 A. These granules of nucleoli may 
be arranged evenly and in this case the nucleoli have the appearance of a dense compact 
body (Fig. 1). In other cases the granules form conglomerations in the form of rods 
nucleolonemes, up to 1000 A in width giving the nucleolus the appearance of a ball. 
Transitional forms in the nucleoli structure are also encountered. Often one can see 
that the nucleoli are arranged next to deep invaginations of the nuclear membrane within 
the nucleus. It is interesting to note that the dimensions of the granular component of 
the karyoplasm, nucleoli and cytoplasm practically coincide, corresponding to the 
size of the macromolecules of ribonucleoproteins (RNP), ribosomes, which is in good 
agreement with cytochemical observations indicating a high RNA content in nuclei 
of these cells. The overall electron-optical density of the cytoplasm was somewhat 
lower than the nuclei. 

The cytoplasm of the ganglion cells of the retina on dark adaptation is relatively 
poor in the dense Palade’s granules (RNP-granules) which are chiefly found free in the 
matrix of the cytoplasm, either singly or in groups of 4-6 without any link with the 
membrane structures. The endoplasmic reticulum system is chiefly represented by 
smooth contoured vacuoli, small vesicles or short canals, scattered in large numbers 
over the entire cytoplasm (Fig. 2). In rare cases such formations are connected with 
the nuclear membrane. Like the majority of organoids, Golgi’s apparatus is located 
in the basal parts of the cells and represented by a system of closely adjacent flat and 
short cylinders together with small or large vacuoli (Fig. 2). The zones of Golgi’s appa- 
ratus contain few Palade granules. The mitochrondria in these cells on dark adapta- 
tion are small with a diameter of (on average) 0-3 u, with a maximum length of 0-6 p; 
they are surrounded by a double membrane, the internal structure is represented by 
a relatively bright matrix and a system of thinly spread out tubules, having in section 
the appearance of monolayer rings with a diameter of 200-250 A. 

After light stimulation of the retina (90 min light stimulation) the internal struc- 
ture of the nuclei of the ganglion cells remains virtually unchanged (Fig. 4). The 
distance between the individual nuclear threads increases somewhat (up to 800-1000 A). 
The total number of granules in the karyoplasm does not increase to such an extent 
as to allow one to speak with confidence of a rise in their number (in two cases owing 
to the uncertainty in the uniform thickness of the sections calculations of the number 
of granules per unit surface of the sections were not made). However, as already stated 





Submicroscopic morphology of ganglion neurones of retina 


Fics. 2 and 3. Areas of cytoplasm and nucieus of retinal ganglion cells on dark adaptation with 
characteristic structure of nuclear membrane. 
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Fic. 4. General view of ganglion cell of retina after light stimulation (1-5 hr). Polarity can be seen 
in arrangement of cell structures. 

Fic. 5. Area of nucleus of ganglion cell after light stimulation."Chromocentre Ch and nuclear pore 
Np with granules R are visible. 
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Fic. 6. Structure of nucleolus of ganglion cell of retina after light stimulation. 
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above, the total RNA content in the nuclei had by this time considerably increased. 
This fact suggests that the increased amount of RNA in the nuclei may be connected 
to some extent with increase in the content of low polymer RNA which is not repre- 
sented in the form of RNP granules (ribosomes). 

As well as the granulated threads, in the nuclei of the ganglion cells of the retina 
after stimulation, the appearance of small (0-6 ~) formations consisting of closely lin- 
ked, curved granulated threads diverging radially from the centre of coagulation is 
observed (Fig. 5). These structures can be identified as chromocentres rich in DNA 
and taking part in the same way as the perinucleolus chromatin in protein synthesis 
[13, 14]. The structure of the nucleoli as a whole, after stimulation, remains unchanged 
(Fig. 6) although in some cases patterns are observed which can be interpreted as split- 
ting off of part of the material of the nucleoli or separation from it of granules. 

After light stimulation of the retina considerable changes are shown by the nuclear 
membrane of the ganglion cells—they acquire a distinctly visible form. The distance 
between the nuclear membranes (so-called perinuclear space) sharply increases re- 
aching 1200-2500 A, i.e. increases 6-10 times as compared with the resting state (Figs. 
7-9). It should be noted that such changes are only observed in the ganglion cells where- 
as they are not detected in the bipolars and photoreceptors at this stage. 

The size of the nuclear pores is virtually unchanged but near and also within them 
conglomerations of granules are often visible (Fig. 5). It is very likely that this picture 
reflects passage of ribosomes from the nucleus to the cytoplasm. Evidence of this is 
not only provided by the spatial comparisons but by the fact that 1-5 hr after light 
stimulation of the retina there is a considerable increase in the amount of RNA (deter- 
mined histochemically) and also in the number of Palade granules (ribosomes) in the 
cytoplasm of the ganglion cell. In the first place, there is a sharp increase in the number 
of diffusely scattered RNP granules in the matrix of the cytoplasm. In addition, the 
RNP granules are located at the external nuclear membranes and also in small areas 
of the canals and vacuoli of the endoplasmatic reticulum (Figs. 7-9). All this ties up 
with the findings of cytochemical analysis showing increased intensity of synthetic 
processes in the cytoplasm of stimulated nerve cells. The extension of the perinuclear 
space and the appearance of RNP granules at the external nuclear membrane indicate 
that the nuclear membrane, as a derivative of the system of the endoplasmatic reticu- 
lum, may take upon itself the same function as those structural components of the 
cytoplasm which are highly specialised for protein synthesis. On the other hand, the 
extension of the perinuclear space may indicate that at this site processes occur neces- 
sary for the synthetic function of the nerve cell. 

In the cytoplasm of the ganglion cells of the retina at this stage a large number of 
smooth contoured elements of the endoplasmatic reticulum are scattered and lie close 
to the zones of Golgi’s apparatus, which at this stage also changes somewhat. In the 
latter, the flat, tightly packed cylinders disappear and it is now represented by a system 
both of small and large round vacuoli forming entire zones. 

The mitochrondria also change; they increase in size roughly 3 times (lengthening 
up to 1-6 uw with an average diameter of 0-3 u). Increase in size of these structures is 
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Fic. 7 and 8. Parts of ganglion cells of retina after light stimulation. Appearance of extended peri- 
nuclear spaces Pn and large number of ribosomes R in cytoplasm. 
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Fic. 9. Part of ganglion cell after light stimulation. Appearance of ribosomes R on external membrane, 
extended perinuclear spaces pn. 
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probably connected with rise in the level of oxidative processes in the stimulated nerve 
cell. 

In conclusion, it may be said that on stimulation of the ganglion cells of the retina, 
there is a sharp increase in protein and RNA synthesis in the nucleus (in the first place 
to a high degree) and in the cytoplasm (to a lesser degree) accompanied by the devel- 
opment of sub-microscopic systems of the cell directly involved in the processes of 
protein synthesis (granulated membranes and individual RNP granules) and systems 
ensuring this synthesis (endoplasmatic reticulum, Golgi’s apparatus, mitochrondria). 


SUMMARY 

Specific stimulation of the ganglion cells of the frog retina leads to a sharp increase 
in the synthetic processes in the nucleus and the cytoplasm. It is expressed in an in- 
creased amount of protein and RNA (determined cyto-chemically) which is in full 
agreement with electron microscopic findings showing the following changes in the 
structure of these cells. 

(1) Appearance of specially structured zones in the caryoplasm—chromocentres. 

(2) Increase in the perinuclear space. 

(3) Considerable increase in the total number of RNP granules in the cytoplasm. 

(4) Change in the character of the arrangement of RNP granules in the cytoplasm 
(their appearance in zones of nuclear pores, at the external nuclear membranes and on 
the membranes of the endoplasmic reticulum). 

(5) Change in the mitochrondria which increase in length. 


(6) Change in the ratio of components of Golgi’s apparatus (disappearance of flat 
cylinders and predominance of the vacuolar component). 
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1. IN a previous paper [1] we used a new independent method recently proposed by 
Bongard and Smirnov [2] fur determining the spectral sensitivity of the retinal receptors 
for normal trichromates. 

In the present work the same method was used to investigate anomalous trichro- 
mates. In the same experimental conditions one of us previously determined the three- 
colour coordinates of the spectrum for a visual field of 10° for normal trichromates [3]. 
The values of the coefficient of anomaly n, obtained with the Rautian anomaloscope [4] 
were also found in the Rayleigh equality (testing of A). (The anomaly coefficient n, 
is the ratio of the red-green of the anope to the red-green of the normal observer.) In 
all, we investigated 12 deuteranopes, 1 protanope (for the “protanope” the primary 
red colour of the colorimeter was replaced by an orange one as brighter for this type 
of anomaly) and | tritanope (the curves for the tritanope were obtained in another 
paper [5] somewhat earlier). 

The findings obtained for the deuteranopes are presented in Fig. 1 and Table 1. 

In order to evaluate the scatter observed in Fig. 1 we compared it with the scatter 
for 12 normal trichromates taken at random from among 27 investigated in work [3]. 
Table 2 compares the greatest divergences in this and the other group for five points 
of the spectrum. 

It may be concluded from Fig. 1 and Tables | and 2 that the deuteranopes repre- 
sent one special group with variations in the combination curves of the same order 
as for normal trichromates and with an index of anomaly varying within comparative- 
ly narrow limits: 3-4-5. 

This justifies the use of the anomaloscope for detection of deuteranopes according 
to the coefficient of anomality in the Rayleigh test, although, strictly speaking, here 
only one single colour equality is set up for the yellow colour. On the other hand, aver- 
aging of the combination functions as for normal trichromates may be considered 
justified. Fig. 1 also presents these average curves. 

The experimental material obtained by us for the combination curves for all three 
types of anomaly are presented in Figs. 2, 3 and 4 in the form of the average curves 


* Biofizika 6: No. 5, 596-604, 1961. 





Curves of spectral sensitivity of the eye receptors in anomalous trichromates 669 


as compared with the average combination curves of 27 normal trichromates [3]. Both 
sets of figures were calculated for a spectrum of equal energy and expressed in the 
same system of monochromatic colours—645-2; 526-3; 444-4 mu. 

2. In finding the curves of spectral sensitivity for anopes according to the method 
of Bongard and Smirnov [2] conversion was made to the same primary colours as in 
the work with normal observers [1]. The corresponding wavelengths are shown in 
Table 3. 

















Fic. 1. 


TABLE 1 





Deuteranopes Protanopes 
1 











0-2 

















N. V. LOBANOVA AND N. I. SPERANSKAYA 








Fic. 2. Combination curves: 1, normal subject; 2, protanope. 


Here, as in work [1] the results of individual subjects and not the average ones 
were used for the conversions. The average findings led to ambiguous results depend- 
ing on the choice of primary colours. 

The curves found for the spectral sensitivity of all three receptors for the group 
of deuteranope trichromates are presented in Fig. 5. For the first type of receptor, 
curves for the deuteranopes were obtained only for 6 subjects. In the other 6, this could 
not be done owing to the large errors in measurement in the blue part of the spectrum. 
As is known, the curve of the first receptor is determined precisely from this blue por- 
tion of the spectrum. Despite the scatter of the individual curves in Fig. 5 it can be 
argued that the maximum of the curves of the first receptor for deuteranopes falls on 
the portion 570-580 mu, for the curves of the second receptor 550-560 my and for 
the curves of the third receptor the maxima lie within the limits 440-460 mu. 

Comparison with the curves for normal trichromates is provided by Figs. 6, 7 
and 8 where these curves are plotted together with the average curves of spectral sen- 
sitivity of deuteranopes and also the protanope and tritanope. Fig. 6 shows that the 
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curves of spectral sensitivity of the first receptor are identical in normal trichromates, 
in deuteranopes and in tritanopes. At the same time, in the protanope, the curve of 
spectral sensitivity is appreciably shifted to shorter wavelengths so that its maximum 
is at 560 my instead of 575 my for the normal trichromate. 





Fic. 3. Combination curves: 1, normal subject; 2, deuteranope. 


TABLE 3 





Receptor I Receptor II Receptor III 








690 





Figure 7 presents the curves of the second receptor again for the normal trichroma- 
tes, for the protanope and for the tritanope and also the average curve for the deuter- 
anopes. Here, it can be seen that by analogy with Fig. 6 the curve of spectral sensiti- 
vity of the deuteranope has shifted to the longwave portion of the spectrum by 15 my 
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Fic. 4. Combination curves: 1, normal subject; 2, tritanope, 
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as compared with the normal curve (540 my) since the maximum of the average curve 
is at 555 mu. 

Figure 8 gives the curves of spectral sensitivity of the third receptor; average curves 
for normal and deuteranope tiichromates and also for the protanope. Unfortunately, 
we were not able to obtain a curve for the tritanope since using the red or yellow 
portion of the spectrum as has been done in all other cases, we arrived at equivocal 
solutions depending on the choice of the primary colours. Apparently, the presence 








Fic. 5. 1, first receptor; 2, second receptor; 3, third receptor. 


in the tritanope of sensitivity of the third receptor in the yellow portion of the spectrum 
does not allow one to use this part in Bongard and Smirnov’s method which requires 
that the sensitivity is zero or close to zero [2]. 

Thus, it may be stated (admittedly, only on the basis of one case) that in the prota- 
nope a distinctive feature of their colour vision is that the band of spectral sensitivity 
of the first receptor is shifted to the shortwave portion of the spectrum so that the max- 
ima of the two curves of the first and second receptors are drawn towards each other 
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by 15 mu. This perhaps offers an explanation of the colour weakness encountered in 
protanopes. 

A similar phenomenon was observed in deuteranopes. This form of colour vision 
differs from the normal in the displacement of the sensitivity band of the second re- 
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. 7. 1, normal subject; 2, protanope; 3, deuteranope; 4, tritanope. 
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ceptor to the longwave part of the spectrum also on average by 15 my so that the max- 
ima of the curves of the first and second receptors again draw together. 

A common characteristic feature of protanomaly and deuteranomaly is that the 
curves of spectral sensitivity of the two other receptors closely coincide with the cor- 
responding sensitivity curves of normal trichromates. Consequently, the anomaly of 
colour vision is changed in the spectral sensitivity of one receptor. This conclusion 
agrees with the point of view of Kries [6], Wyszecky [7] and Lobanova [8]. 
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Fic. 8. 1, normal subject; 2, deuteranope; 3, protanope. 


Investigation of a group of 12 deuteranopes has enabled us to depict in Fig. 9 a set 
of three curves of spectral sensitivity of the 1eceptors for deuteranopes as averages 
characteristic of their colour vision. In relation to the protanope and tritanope we 
have data only for single subjects. 

The results suggest a further highly important conclusion. The modified curves 
of anomaly as in the case of protanomaly and in the case of deuteranomaly practically 
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coincide. This can be seen from Fig. 10. Consequently, one may postulate the presence 
in anomalous trichromates of the same light sensitive substance into which the light 
sensitive pigments of the first and second types of retinal receptors of anopes breaks 
down. It is still not clear whether the same is true of tritanomaly, since the data obtained 
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Fic. 10. Spectral sensitivity curves. 1, first receptor of protanope; 2, second receptor of deuteranope 





from subject M.V.V. did not enable us to find with sufficient precision, by Bongard 
and Smirnov’s method, his curve for the third receptor. There are only indirect indi- 
cations that the curve coincides with the curve of the second receptor of the deutera- 
nope and the first receptor of the protanope. 

The presence in the tritanope of appreciable colour weakness may be the result 
of the fact that all his three curves are drawn together as can be seen from Fig. 11 
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which depicts the curve of sensitivity of the first and second receptors and the assumed 
curve for the third receptor. 

The impossibility of determining unambiguously the curve of the third receptor by 
Bongard and Smirnov’s method may be due to the fact that this curve is located be- 
tween two others and consequently, cannot be separated from them. 


% 


100+ 








1 
500 
Fic. 11. 1, first receptor; 2, second receptor: 3, assumed curve of third receptor of tritanope. 


We wish to express our deep gratitude to G. N. Rautian for valuable assistance in 
the work and A. M. Nikiticheva for her calculations. 
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ULTRA-VIOLET FLUORESCENCE OF THE FORMAL 
ELEMENTS OF BONE MARROW AND PERIPHERAL BLOOD 
OF ANIMALS AND MAN IN NORMAL AND PATHOLOGICAL 
CONDITIONS—Il. ULTRA-VIOLET FLUORESCENCE OF 
THE CELLS OF THE BONE MARROW AND PERIPHERAL 

BLOOD OF ANIMALS ON RADIATION INJURY*t 


I. YA. BARSKII, YE. M. BRUMBERG and T. M. KONDRAT’EVA 
Institute of Cytology, U.S.S.R. Academy of Sciences, Leningrad 
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It is known that the haemopoietic organs of animals and man are most sensitive to 
the action of penetrating radiation. Together with other methods of investigation wide 
use is made of fluorescence microscopy, based on the application of fluorochromes 


{2, 3]. 
As already established in the studies mentioned above, as a result of exposure of 


the animals to X-rays abrupt changes are observed in the state of the cells in the bone 
marrow, these can be subtly detected by means of fluorescence microscopy. Cell dam- 
age in the first hours after irradiation with lethal doses is characterized by exfolia- 
tion and breakdown of the nuclear matter and by disturbance in ribonucleic acid me- 
tabolism leading to accumulation in the cytoplasm of clumps of a substance fluo- 
rescing bright red on fluorochrome treatment of the preparation with acridine orange. 
Such coarse granularity filling the cell differs in appearance and position in the cell 
from the delicate red granulation mentioned in our previous paper and observed in 
the cytoplasm of the cells of unirradiated animals. 

A characteristic feature of the radiation effect is also the formation of clamps— 
micronecroses—of cells with breakdown in nuclear material [4]. 

Application of ultra-violet fluorescent microscopy to study the effect of penetrating 
radiation on cells may well yield useful results, since use is made of the inherent fluo- 


* Biofizika 6: No. 5, 605-609, 1961. 
+ Communication I was printed in the Journal Biofizika [1]. Both studies (Communication I 


and also II) were carried out in the Institute of Cytology of the U.S.S.R. Academy of Sciences and the 
Central Medical Radiology Research Institute of the MZ U.S.S.R. 
In Communication [1] the following errata were found: 
Should read 
Page 122, line 29 Printed A=450 mu 
(English text) A=300 mu V. Cells of the rat 


Figure, caption V. Erythroblast bone marrow 
1, erythroblast 


[678] 
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rescence of the main chemical components of the cell directly involved in metabolism 
and reacting to radiation exposure. 

The observations were made with the apparatus and technique described in our 
previous communication; improvement in the conditions of illumination of the pre- 
paration enabled us to shorten the exposures when photographing the fluorescence 
to 10 sec. The test objects were the bone marrow and peripheral blood of irradiated 
rats. The fluorescence of the cells in normal conditions has been studied by us pre- 
viously [1, 5]. The animals were exposed to whole-body irradiation with X-rays to 
a lethal dose of 900 r. Irradiation was carried out with a RUM-3 apparatus, 190 kV, 
10 mA, 0:5 mm Cu and 1 mm Al, dose rate 74 r/min. The investigation was carried 
out 4 hr after irradiation. 


The irradiated animals were found to show both gradual and sharper deviation 
from normal in the ultra-violet fluorescence of the formal elements of the bone mar- 
row and peripheral blood. 


The cells of the myeloid series showed up brightly. The intensity of their fluorescence 
was considerably higher than that of the same cells from the bone marrow of unirradi- 
ated animals (Fig. 1). Increase in the intensity of ultra-violet fluorescence of the tis- 
sues of some radiosensitive organs has also been noted by Khan-Magonetova, Gut- 
kina, Meisel’, Agroskin and Korolev [6]. There was a particularly sharp increase in the 
intensity of ultra-violet fluorescence in cells with appreciable structural damage. The 
completely destroyed cells and even their individual fragments continued to fluoresce 
intensely (Fig. 2) unlike the cells of unirradiated animals which have been mechani- 
cally damaged. We feel that fluorescence is intensified not through the nuclear sub- 
stance but by increased brightness of glow of the substances of the cytoplasm. The 
clumps of nuclear substance freely arranged in the cell (after disturbance in nuclear 
integrity) did not fluoresce or only very weakly so and showed up as dark areas against 
a background of brightly glowing cytoplasm. The presence of coarse, bright red gran- 
ularity, detected by means of acridine orange, in the cytoplasm of the cells of the 
irradiated animals was usually accompanied by intense ultra-violet fluorescence; the 
more marked the red granularity of the cells, the more intense their ultra-violet fluo- 
rescence. However, as we shall see later, the absence of such coarse red granularity 
and, in general, the red glow, was not always connected with absence of ultra-violet 
fluorescence. 

The erythroblasts as in normal conditions, did not fluoresce or only very weakly 
and only a weak glow from a narrow rim of cytoplasm could be seen in this case. 

In the light of fluorochrome fluorescence, the micronecroses gave a continuous 
bright green glow without red granularity. Nevertheless, they were distinguished by 
extremely bright ultra-violet fluorescence mostly overall but sometimes mosaic (Fig. 1). 

In the peripheral blood an appreciable intensification of fluorescence of the neu- 
trophils and slight intensification for the lymphocytes were observed. 

Besides these changes (i.e. patterns of fluorescence of the different formal elements 
of the bone marrow and peripheral blood) specific change was also observed in certain 
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other characteristics of the ultra-violet fluorescence of the cells of irradiated animals 
as compared with normal. 

The fluorescence spectrum of the cells of the myeloid series changed. The radia- 
tion band became more diffuse and the energy maximum shifted to the longwave side. 
Fig. 3 shows the curves of energy distribution in the fluorescence spectra of a living 


in? 





l | i 
300 J540 380 420 

A,m» 
Fic. 3. Curves of energy distribution in ultra-violet fluorescent spectrum of cells 


of the rat bone marrow. 1, living cell (myelocyte) of control rat; 2, myelocyte of 
rat exposed to X-rays. Ordinates give intensity of fluorescence in relative units. 





cell (myelocyte) in the bone marrow of the unirradiated rat and a similar cell in the 
bone marrow of the rat irradiated with X-rays to a dose of 900 r. These curves were 
obtained by means of a quartz spectrograph attachment for the microscope. The tech- 
nique of studying the spectra of ultra-violet fluorescence of microspecimens has been 
briefly described in the papers [7, 8]. Brumberg and Barskii [9] have observed the ap- 
pearance of visible blue fluorescence in cells in a preparation irradiated with shortwave 
ultra-violet or soft X-rays. Still more diffuse contours of the spectral radiation band 
were observed with a shift in the maximum to the longwave side. Dead cells were ex- 
posed to irradiation and here there was undoubtedly a direct photo- or X-ray chem- 
ical effect of radiation on the nucleic acid and proteins. 

In the case of whole-body irradiation of the animals with X-rays it is essential to 
distinguish the effect of the direct action of irradiation on the substances contained in 
the cell and the indirect effect on them through the influence on metabolism in the 
living cell or in the whole animal. 

Certain other characteristics of the fluorescence of the cells of the myeloid series 
changed. On death of normal cells by placing in saline, their fluorescence weakened 
while in the same cells of irradiated animals it persists for 24 hr and longer after death 
of the cell. Such a serious change in the character of fluorescence of the cells of the 
bone marrow of animals exposed to penetrating radiations is obviously due to change 
in the chemistry of the cell. 

Ultra-violet fluorescence of normal cells of the bone marrow of unirradiated ani- 
mals is apparently due to the nucleotides and the cyclical amino acids. These substan- 
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ces readily vacate the cell after its death which is accompanied by weakened fluores- 
cence of the cell. The fact that in the cells of irradiated animals fluorescence was stably 
maintained after their death and even after heavy destruction, strongly suggests that 
in this case we are dealing with fluorescence of certain other substances more firmly 
bound with the rigid structures of the cell and of a higher polymer character. Most 
likely it is due in this case to the ribonucleoproteins and proteins which have undergone 
certain changes as a result of irradiation. This problem requires further investiga- 
tion. 

The intensity and spectrum of fluorescence of the micronecroses observed in the 
bone marrow of irradiated animals and also their behaviour when the preparation is 
kept in saline correspond precisely to the above-described properties of the young cells 
of the myeloid series in the bone marrow. This, it would seem, solves the contentious 
problem of the type of cells forming micronecroses; they belong to the young myeloid 
forms and not to the erythroid series since the latter do not fluoresce. 

The above-described experiments were carried out only with one dose of irradia- 
tion (900 r) and a fixed time between irradiation of the animal and observation of the 
ultra-violet fluorescence of the cells of the bone marrow and peripheral blood (4 hr). 
It seemed to us to be of interest to extend these observations to other time intervals 
after irradiation of the animal, both shorter and particularly longer times, namely, 
intervals of many months. It was also desirable to vary the dose. 


We have now embarked on such experiments and although this work, requiring 
the accumulation of much material with different doses of X-irradiation and different 
times between irradiation and observation of fluorescence of the cells is still in progress, 
it is now possible with the material available to compare certain properties of the 
fluorescence of cells in normal conditions and at different times after irradiation of 
the animals with penetrating radiations. In doing so, we shall confine ourselves to 
consideration of the cells of the myeloid series of the bone marrow. 

On investigating such cells immediately after X-irradiation of the rat with a dose 
of 900 r it was established that the intensity of their fluorescence is close to normal, 
with additional mechanical damage to the cells it was slightly higher. The fluorescence 
weakens in the same way as in the cells of the unirradiated animals. 

The intensity of fluorescence of the cells of the rat bone marrow when studied 
16 months after X-irradiation of the animals with a dose of 500 r was considerably 
higher than that of cells of the unirradiated animals of the same age; the destroyed 
cells did not lose the ability to fluoresce, i.e. the characteristics of fluorescence were 
the same as for a 4-hr interval between irradiation of the animal and observation of 
the fluorescence of the cells of the bone marrow. 

It was also noted that in old unirradiated rats living more than 18 months, fluores- 
cence of the cells of the myeloid series weakened as compared with the same cells of 
young animals. 

The assumption was made above that ultra-violet fluorescence of the bone marrow 
cells of rats exposed or not exposed to X-rays is due to different substances. This differ- 
ence might be the result of direct X-ray-chemical effect on substances contained in 
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the cells of the bone marrow or the result of distorted metabolism in these cells which 
is a secondary consequence of the effect on the cells (or on the animal) of X-rays. The 
experiments with short and long intervals of time between irradiation of the animal 
and observation of the fluorescence of the formal elements of the bone marrow appa- 
rently confirm the second assumption. 

The observation of ultra-violet fluorescence of the bone marrow cells of rats X-irra- 
diated a few months before gave the same results as experiments with a 4-hr interval 
between irradiation of the animal and observation of the fluorescence of the bone 
marrow cells. Young cells of the myeloid series stay in the bone marrow for about 
3 weeks; at later periods after irradiation of the animal we are dealing with the sub- 
sequent generations of the cell actually exposed to X-irradiation. Obviously, the di- 
storted metabolism, due to radiation damage to the haemopoietic organs of the animal, 
is strongly transmitted to future generations of the cells of the bone marrow and blood, 
at least the cells of the myeloid series, throughout the life of the animal. Time does 
not deal such damage and, therefore, like the genetic effect, must be summated on 
each subsequent irradiation of the animal or man or during the effect of the radiation 
background in which the animal or human finds himself. 

It is possible that it is connected with change in the type of cell metabolism— 
intensification of glycolysis and weakening of oxidative phosphorylation observed 
in the cells of irradiated animals [10]. Such an assumption was advanced by N. A. 
Chernogryadskaya and M.S. Shudel’and by the authors of this article in a study of 
the ultra-violet fluorescence of the cells of the bone marrow and peripheral blood 
of X-irradiated animals and humans suffering from acute leukaemia. It was noted 
that in certain types of leukaemia there is increased intensity of ultra-violet fluores- 
cence of the lymphocytes (lymphoid leukaemia) or leucocytes (myeloid leukaemia) 
in the peripheral blood of diseased humans. 

We are now conducting experiments, which will be described separately, to elu- 
cidate the effect of the type of metabolism on the character of the ultra-violet fluo- 
rescence of various cells. 

In any case, it seems to us to be of exceptional interest to compare the fluorescence 
of cells of the blood and bone marrow in different forms of leukaemia and radiation 
injury, since the development of leukaemia is often the late result of exposure of the 
body to ionizing radiations. 
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USE OF CERTAIN COMPLEXING AGENTS TO REDUCE 
DEPOSITION OF *Y AND '“Ce IN THE BODY?t 


N. O. RAZUMOVSKII, O. L. TORCHINSKAYA and V.S. BALABUKHA 
(Received 20 June 1960) 


IN evolving measures designed to prevent deposition in the body of radioactive yttrium 
and cerium and to accelerate their excretion, considerable attention is paid to the 
use of chemical-complexing agents. Among them a special place is occupied by chelate 
compounds of the polyamino carboxylic acid type which includes ethylenediamine 
tetraacetic acid (EDTA). Numerous investigations with EDTA [1-9] have shown 
that this complexing agent is effective when used early after damage with yttrium 
or cerium and that it decreases the deposition of these isotopes in the soft tissues, 
chiefly, but has little effect on their localization in bone tissue. In the case of 144Ce 
EDTA even increases its fixation in the skeleton since the complex with cerium is 
characterized by a smaller stability constant than the complex with yttrium (log K, 
EDTA,=7°5; log K, EDTA,,=15-4 [8]). In recent years papers by a number of 
investigators have appeared in the literature indicating that complexing agents in 
which the ethylene groups are separated by heteroatoms (O, N, S) are considerably 
more effective than EDTA itself [10-15]. In the work of Catsch and co-workers 
[10-13] a considerable effect was given using diethylenetriamine pentaacetic (DTPA) 
and also diaminodiethyl-ether tetraacetic acid (DEETA) both directly after injury 
of the animal (rats) with *Y and '44Ce and at later stages, the amount of isotope 
being reduced not only in the soft tissue but in the bone tissue. 

In investigations on humans given stable isotopes of lanthanium and yttrium, 
labelled with 4°La and *°Y, it was also shown that such a complexing agent as 
diethylenetriamine pentacetic acid (DTPA) sharply increases the excretion of La, 
and especially of Y, in the urine as compared with EDTA [14]. 

The purpose of the present investigation was to determine the effectiveness of 
these and a new chelate compound based on ethylenediamine-ethylenediaminebis- 


+ Biofizika 6: No. 5, 610-614, 1961. 
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acetic-bismethylphosphonic acid (EDPA). The efficacy of these chelates was the 
subject of comparative study. 


EXPERIMENTAL SECTION 


The tests were carried out on white rats. All the animals were given carrier free 
*Y or '44Ce intraperitoneally in the form of the chloride at the rate of 0-1 wc/g weight. 
The test chelating agents were also injected intraperitoneally in the form of the 
sodium-calcium salts. The exception was EDPA which was used in the form of the 
ammonium-calcium salt. In carrying out the tests with these compounds amounts 
that could be well were used: CaNa,-EDTA, 60 mg (+170 umoles) per animal: 
Ca(NH,).-EDPA, 60 mg (+125 umoles); CaNa,-DEETA, 100 mg (+240 umoles); 
CaNa,-DTPA, 50 mg (+85 umoles). The animals were killed three days after inject- 
ing the radioactive isotopes and the activity in the femoral bones, the liver, spleen 
and kidney determined. The effectiveness of the tested complexing agent was esti- 
mated by comparing the levels of activity in the organs of experimental and control 
rats. In each group 7-14 rats were used. Each variant of the experiment was repeated 
2, 3 and sometimes 4 times. The control animals were not given the chelating agents. 
The information on the content of “Y and 444Ce in the control animals is given in 
Table 1. 


TABLE 1. DeEPosiTION oF *'Y AND '*Ce IN RAT ORGANS 


144Ce 








Organs tested a a 
*% of amount introduced 


/o 





Skeleton 55-2+2°41 21-8+2°17 
Liver 4:1+0-51 44-5+5-03 
Spleen -3+0- 0-5+0-01 
Kidney 4+0- 1-8+0-09 


a 





Note: The content of radioisotopes in the skeleton is computed by multiplying the amount in 
the femur by 20. 


The table shows that most of the radioactive yttrium and cerium is deposited in 
the skeleton and liver with yttrium being found in greater amount in the ske'eton 
and cerium in the liver, which corresponds to the published findings [9, 15]. Tests 
were initiated to elucidate the stability of the complex of the test agents with the 
radioactive isotope in vivo conditions. For this purpose *Y or '44Ce were first added 
to the solution of the complexing agent in the same ratios as used in the subsequent 
biological experiments. This solution was kept for 30-40 min at room temperature 
and then given to the animals. After 3 days the rats were killed. The stability of the 
complex in vivo conditions was evaluated from the level of activity of the organs of 
the experimental animals. After injection into the body of a more stable complex, 
a smaller amount of isotope should be deposited in the organs than in the control 
rats. The results of these experiments are shown in Table 2. The numerical values 
are expressed as percentages of the controls. 
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Table 2 shows that after injecting **Y and 1“4Ce in the form of chelates, consider- 
ably less activity was found in the organs of the experimental rats than in the control 
animals, which indicates the stability of these complexes in in vivo conditions. How- 
ever, the complex of EDTA with ‘Ce was insufficiently stable and was destroyed 
on contact with bone tissue, which led to increased deposition of !44Ce in the bones. 
A higher level of activity of the organs after injection of the EDTA complex with 
"VY or #4Ce suggests the considerably lower stability of these complexes as compared 
with the others. The most stable complexes with these elements were formed by 
DTPA, the second place being occupied by DEETA. 


These results prompted use of these substances to prevent deposition of *'Y and 
144Ce and to accelerate their excretion from the body. The test compounds were in- 
jected into the animals prophylactically, 30 min before injection of **Y or '44Ce. The 
effect of subsequent use of complexing agents 30 min and 24 hr after injection of the 
radioisotope into the body was also investigated (Table 3). 


On prophylactic use of the complexing agents the same pattern and roughly the 
same order of values of deposition of the radio isotopes in the organs were observed 
as on injection of these compounds as complexes with *‘Y or '44Ce. Hence, it may 
be concluded that the chelates tested also form stable complexes in the body with 
the *'Y and '#4Ce present in the blood. The complex of EDTA with 1“4Ce, as in the 
preceding experiment, was destroyed in the bone tissue. Use of complexing agents 
after administration of the isotopes showed that as the interval between injecting 
the radioactive isotope and the complexing agents lengthened so the effectiveness 
of the latter diminished. However, in this case also ETPA and DEETA were more 
effective than EDTA. 


DISCUSSION 


The experimental results show that the new chelating acids tested: diethylene- 
triamine pentaacetic (DTPA), diaminodiethylether tetraacetic (DEETA) and ethylene- 
diaminebisacetic bismethylphosphinic (EDPA) possess substantial advantages over 
EDTA. 


The effectiveness of the chelates was primarily determined by the stability of their 
complexes with the radioactive elements in vivo conditions, which largely depends 
on the stability constant of these complexes. Of great significance also is the difference 
in the values of these constants for the given metal and for calcium. The greater the 
difference the more readily does the radioactive isotope expel calcium from the chelate 
compound introduced into the body in the form of the calcium complex. This can be 
illustrated by the following example. For the complexes DTPA and EDTA the sta- 
bility constants are respectively 2-5x10”* and 1x10!8. The ratio of these stability 
constants to those of the complexes with Ca in the first case is 3-2 10" and in the 
second 2x10’. The stability constant of the complex DTPA,, is 2:5 10° and of 
EDTA, 2x10! and the ratios to the stability constants for the Ca complexes have 
the values 3-2x10® and 2:5x10° [16]. If we compare these calculations with the 
results of biological experiments, then it is understandable why in the case of Y, and 


8* 
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more especially Ce, great differences are found in the effectiveness of DTPA and 
EDTA. 

On the other hand, the efficacy of these or other chelating compounds greatly 
depends on the solubility of the complexes and the possibility of the chelate com- 
pounds themselves and their complexes with the radioisotopes diffusing through cell 
membranes. This firstly ensures their penetration to the sites of localization of the 
isotopes, secondly, it prevents retention in the kidneys of the complexes formed. 
These chelating compounds satisfy these requirements. Finally, the effectiveness of 
the chelating agents is determined by their ability to compete for radioisotope with 
biological complex formers, for example, proteins and nucleic acids of soft tissues 
and the collagenic complex of bone tissue. The higher the stability constant of the 
metal-chelate complex, the greater the chances that this compound will “tear off” 
the freshly deposited radioisotope from the animal tissue. As can be seen from the 
experimental data, all the above-mentioned complexing agents, including EDTA 
could dislodge Y and Ce from the soft tissues but in relation to the skeleton the 
difference in the value of their complex-forming power stands out clearly. In fact, 
although the new complexing agents are capable of ousting the radioisotops from 
the bones, the difference in the stability constants of EDTA with yttrium and cerium, 
on the one hand and the stability constants of the Y and Ce complexes with the bio- 
complexing agents of the bone, on the other hand, is so great that the dislodging of 
these radioisotopes from the bone is achieved with difficulty. It is therefore urgently 
necessary to determine and further define the stability constants of the chelating com- 


pounds with radioisotopes which to a great extent may establish the pathways for 
synthesising such compounds. 


SUMMARY 


(1) A comparative study has been made of the possibility of preventing deposition 
of **Y and '*4Ce and of accelerating their excretion from the body by means of four 
chelating compounds: diethylenetriamine pentaacetic (DTPA), diaminodiethylether 
tetraacetic (DEETA) ethylenediaminebisacetic—-bismethylphosphinic (EDPA) and 
ethylenediamine tetraacetic (EDTA) acids. 

(2) The superiority of the new complexes over EDTA has been demonstrated. 


(3) DTPA and DEETA turned out to be the most effective. 
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M. I. MEKSHENKOV and A. P. ANDREITSEV 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 1 June 1959) 


SPECTRAL luminescent analysis is widely used as a method of investigation in various fields of science 
and industry. Depending on the nature of the problem to be solved, measurement is made either of 
the luminescence spectrum or the excitation spectrum or the absorption and reflexion spectrum. Most 
often the problem is such as to require immediate knowledge of several of these spectral character- 
istics. Thus, simultaneous knowledge of the absorption and luminescence spectrum is necessary in the 
field of spectroscopy of complex molecules, for example, on investigating the “mirror symmetry” 
types of quenching of luminescence and the associated energy migration and in the latter case, as well 
as the absorption and luminescence spectra often one must know the excitation spectrum. Study of 
the phenomenon of luminescence quenching and energy migration is now of great importance in 
biology and consequently, these methods are very widely applied [1-5]. Luminescent analysis is also 
used in various branches of industry [6-17]. However, the wide use of luminescent analysis is ham- 
pered by the absence of a simple, reliable and inexpensive instrument offering the possibility of fast 
automatic recording of all the spectral characteristics enumerated above. 

The main requirements to be met by such an instrument can be summarized as follows: (a) uni- 
versality of the instrument, i.e. possibility of measuring all the above-listed spectral characteristics; 
(b) high resolving power with sufficient sensitivity for investigating specimens with weak glow; (c) high 
stability when supplied directly from the a.c. mains; and (d) small size and weight and also the pos- 
sibility of replacing individual units by instruments produced on an industrial scale. 

The instruments described in the literature fall short of the demands placed on them. A variant 
is know of an apparatus for measuring the luminescence excitation spectra when using a SF-4 spectro- 
photometer where the spectrum is measured at separate points [18]. 

Such spectrometers as the SF-2M, ZMR, DMR, and DFS-4 issued by industry permit contin- 
uous recording on paper of the absorption and reflexion spectra. A spectrometer based on a Beckman 
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spectrophotometer equipped with a recording potentiometer has been described in paper [19]. 
The instrument can be used for simultaneous recording of the spectral curve of the source of emission 
and the absorption curve of the sample. Another fast spectrofotometer [20, 21] based on the SF-4 for 
measuring the transmission spectra in the ultra-violet region records the curve on the screen of a 
cathode-ray tube. To obtain the genuine transmission curve one beam passes through the test solution, 
the other through the solvent. Then a chopper interrupts both rays with a certain difference in phase. 
The signals from both beams are then fed via a photomultiplier to a phase detector for comparison 
of the signals. Linear sweep is obtained by means of a potentiometer of special profile which is con- 
nected to the spectrum scanning mechanism. The instrument works in the region 240-400 mu. Ac- 
cording to the authors, the accuracy of recording by the instrument is not less than 3 per cent. In the 
spectrovisor of V. V. Kol’tsov [22], the autocollimating circuit of the monochromator is used. How- 
ever, the system of spectral scanning on the cathode-ray tube screen is non-linear. In the Laboratory 
of Photobiology of the Institute of Biophysics of the U.S.S.R. Academy of Sciences, the design of the 
spectrovisor has been substantially improved. Linear scanning of the spectrum on the cathode-ray 
tube screen has been introduced. 

As this brief review shows, only some instruments allow measurements of two spectral charac- 
teristics to be made. For measurement of the luminescence and excitation spectra and the quantum 
or energy yield of luminescence there are no recording instruments available at all. Moreover, such 
important problems as automatic correction of the curve recorded, stabilization of the emission 
sources and of the supply for the FEU photomultiplier in the instrument described are far from 
solved and in a number of instruments no solution is offered at all. We have accordingly devised an 
instrument which essentially satisfies the requirements stipulated above. 

Four units in the instrument can, in principle, be singled out: (a) excitation unit; (b) monochro- 
mator unit; (c) recording unit; and (d) supply unit. The instrument in fact consists of three units since 
the recording and supply units (source of supply to the FEU) are grouped in one. 

















Fic. 1. Optical arrangement of spectrophotometer. L, light filter; T, thermal filter. 


The optical circuit (Fig. 1) consists of: (a) an elliptic condenser mirror K with a central hole and 
a spherical mirror M directing the integral luminescence light or the reflected light to the slit of the 
monochromator; (b) a monochromator connected in an autocollimating circuit with flat diffraction 
grating. The efficient elliptic mirror K (D/f ~ 1:1) provides a powerful light flux from lamp S to excite 
the luminescence of weakly-glowing objects. The optical field in the plane of the preparation O (Fig. 1) 
is separated at the height of the monochromator slit into two parts — the main one for the prep- 
aration and an auxiliary one enabling part of the monochromator slit to be directly illuminated with 
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light from the exciting source (see description of electrical circuit). For measurement of the lumines- 
cence and reflexion spectrum the object is placed in position O (Fig. 1). For measurement of the ab- 
sorption spectra and the spectral yield of luminescence a convex mirror directing the light flux on to 
concave mirror M is in position O (Fig. 1); the test object is placed in position K, (Fig. 1). For meas- 
uring the absorption spectra of solutions a cuvette with solvent is set up in position K,. For meas- 
uring the spectrum of the emission source, the light beams fall directly on to mirror M which directs 
it to the monochromator Sip slit. In the ménochromator the divergent beams fall on to spherical mir- 
ror M, from which a parallel beam of light falls on to grating G; from the grating the resolved spec- 
trum again falls on to mirror M, and is directed by mirror M, to the exit slit S,,. The main beam is 
directed by mirror M; and an auxiliary one by Mg, to the photocells F, and F,. 


The electrical circuit of the instrument includes the following elements. 
(A) SVDSh-500 mercury lamp supply circuit fed directly from the 220 V a.c. mains. 


(B) Horizontal sweep circuit of the cathode-ray tube consisting of a PR potentiometer with linear 
profile, the slide of which is connected to the axis of the motor operating the spectral sweep. Such an 
arrangement makes a saw-toothed sweep voltage possible. The potentiometer is fed from a dry battery. 
























































































































































Fic. 2. Block diagram of spectrophotometer. 1, vertical deflection amplifier of the ENO-1 oscilloscope; 

2, horizontal deflection amplifier of ENO-1 oscilloscope; 3, scaling circuit; 4, cathode ray tube of the 

ENO-1 oscilloscope; 5, cathode follower; 6, cathode follower; 7, supply unit; 8, input of EPP-0-9. 
I, from scanning potentiometer; II, from lamp; III, from object; IV, to supply unit. 
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(C) The recording arrangement has two variants: recording on the tape of an electronic poten- 
tiometer of the EPP-09 type; observation or photography of the spectral curve on the screen of an 
ENO-1! oscillograph in which the horizontal sweep is effected from the PR potentiometer described 
above. The block circuit diagrams for both variants are shown in Fig. 2 (a) and (b). 

We shall not deal with the actual amplifiying circuits as these are the already known circuits of 
the EPP-09 and ENO-1. However, important elements have been introduced into them enabling one 
firstly to compensate for any variations in brightness of the source or of the supply voltage for the FEU 
and secondly, to correct the recorded curve for the spectral non-selectivity of the optical and electrical 
elements of the circuit. Such a circuit excludes the need to stabilize the supply for the emission source 
and the FEU. In our instrument, both FEU (F, and F,) in Fig. 2 are supplied from a simple rectifier, 
consisting of a step-up transformer, a symmetrical bridge rectifier circuit and a ripple filter Rp (Fig. 2(c)). 
In the case of recording on the EPP-09 it is necessary to feed each FEU separately, this is achieved by 
the circuit in Fig. 2(c). In line with the above remarks we get from F, and F, two electrical signals, 
one of which U, is proportional to the emission of the exciting source, the other, U,, in addition, reg- 
isters the measured spectral characteristic of the test object K, To achieve the compensation and 


correction mentioned above, all that is now necessary is to obtain in some way the ratio of these two 
signals U = U,/U,, where U, and U, can be represented in the following manner: 


U;, = aK, K,, F, f (Usv) 


where q, and q, are constants; K,,,, E,, Ky and f(U,y) the spectral sensitivity of the FEU, the distri- 
bution of energy in the spectrum of the lamp, the spectral reflexion coefficient of the optics and the 
relation between photocurrent and supply voltage (Usy) of the FEU respectively. Thus, the output 
signal is equal, 

qi K,K,, K,E i f (Usyv) 


U = U/U,= = aK 
Le hte | CT 





linearly dependent only on the spectral characteristic of the test object. 

In the instrument described this method completely solves the problem of correcting the recorded 
spectral curve and of compensating for the instability of the lamp and of the supply for the FEU when 
measuring spectral coefficients of reflexion and absorption and the luminescence excitation spectrum. 
The location of the parts in Fig. 1 corresponds to this case with the course of the rays denoted by un- 
broken lines. When measuring the luminescence spectrum and the spectral energy distribution of the 
test emission source, the curve must be corrected solely for selective spectral sensitivity of the photocell 
and reflexion of the optics. However, it is clear that this problem cannot be solved by photoelectric 
means. In this case, in our instrument, the compensation circuit is used only for “stabilizing” the inten- 
sity of the emission source (case denoted in Fig. 1 by dotted line). The correction is made by multi- 
plying the curve obtained by coefficients previously computed for separate points of the spectrum. 

The operation of division is effected by different circuits for the two types of recording. In the 
case of recording with the EPP-09, electro-mechanical division is effected by using the compensation 
method of voltage measurement which is the basis for using electronic potentiometers [23]. The rele- 
vant schematic electrical circuit is shown in Fig. 2 (b). When recording with the ENO-1 a multiplying- 
dividing device of the EMU-S5 type of the Institute of Automation and Telemechanics of the U.S.S.R. 
Academy of Sciences [24] is used. The circuit performs the operation of division and multiplication 
over a wide interval of positive and negative voltages. However, in our case it suffices to use only a small 
interval of input voltages (1-2 V) and this interval may be chosen quite far from zero where the accu- 
racy for division is comparatively high. Our preliminary findings show that division in such a narrow 
interval can be done using a simpler circuit with a logarithmic characteristic. The schematic electrical 
circuit for use with the EMU-S is shown in Fig. 2(a). The curves characterizing the work of the com- 
pensation circuits are given in Fig. 3. The prototype of the instrument described was tested in the ultra- 
violet and visible regions of the spectrum for recording the emission spectra of the hydrogen and mer- 
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cury lamp, the transmission spectra of light filters and solutions and also the luminescence of 6, 9-dia- 
mino-2-ethoxyacridine and some varieties of wheat. As an example two of the curves obtained are 
presented in Figs. 4 and 5. 


Fic. 3. Record of output of lamp. a, with compensating circuit; b, without compen- 
sation. 


The principle of division in spectrophotometry for solving all the problems listed has not been 
described before. It has important advantages over other methods used for solving the problems— 
correction and stabilization of the emission sources and of the FEU supply and also comparison of 
two signals. An essential factor is that this method solves all these problems with the same circuit, 
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Fic. 4. Record of ultra-violet spectrum of SVD-120 A mercury lamp. 


whereas to date each of them has been solved by separate, special and complex devices. Correction was 
by mechanical regulation of the slit or by insertion of an optical wedge suitable for the given pair of 
receptors and sources of emission. The light flux was stabilized either by stabilization of the supply of 
the gas discharge lamp or by an optical stabilizer. The first method does not eliminate rapid fluctua- 
tions in intensity of the discharges if the supply is a.c. and also fluctuations through spontaneous dis- 
placement of the discharge between the electrodes. This can partially be eliminated only at the expense 
of a large drop in the intensity of illuminating the slit, which is inadmissible for measurements with 
objects with weak glow. The use of the optical stabilizer eliminates these defects. However, the “depth” 
of stabilization by this method is limited to a permissible change in the supply voltage of the order 
of 10-12 V and this requires the emission source to be fed with direct current from a powerful rectifier. 
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Moreover, the very principle is such as to require a sharp change in the functioning of the lamp as 
a result of marked displacement in the discharge which seriously affects the length of its service. All 
these snags can be removed by use of the proposed method of compensation based on the operation 


of division. 


a. 
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did. 450 490.530. 570 





Fic. 5. Record of luminescence spectrum of wheat excited with ultra-violet irradia- 
tion from a mercury lamp. 


The universality of the method making it possible with the same circuit to perform simultaneously 
a number of essential operations in spectrophotometry has enabled us to design a quite simple and 
universal instrument suitable for solving a wide range of problems in spectral luminescent analysis. 
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DISCUSSION 


NATURE OF THE R MEMBRANE IN THE FROG RETINA 


A. L. Byzov 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 30 December 1960) 


WHEN investigating the passive electrical properties of the frog eye Brindley [1] discovered a structure 
in the retina with relatively high ohmic resistance which he termed the R membrane and on the basis 
of a number of features concluded that this is the external limiting membrane (e.].m.). Brindley’s con- 
clusion was later confirmed in our work [2]. However, Brown and Wiesel [3, 4] from their experiments 
in the cat, contended that the R membrane is not the e.l.m. but Bruch’s membrane-a structure located 
bet ween the pigment and the vascular layers. This view was supported by Tomita et al. [5] who carried 
out a special investigation on the R membrane. Finally, Brindley in his last paper [6] abandons his 
original opinion in favour of the arguments of Tomita. 

It is easy to see the fundamental importance of the problem of the precise location of the R mem- 
brane. The point is that in experiments with uncomplicated equipment [2, 7] it is always possible to 
determine the moment the microelectrode passes through the R membrane and consequently, to have 
in the retina a rigid pointer indicating in which layer the tip of the microelectrode is to be found at 
a given moment. The validity of a number of important inferences depends on the actual position of 
the R membrane. This, for example, is the case for the inferred absence of an electric response in the 
inner members and bodies of the rods and cones of the frog [8] and for the argument, among others, 
that change in the electroretinogram on passage through the eye of a polarizing current is connected 
with the effect on the bipolars and not on the receptors [9]. These conclusions are based on the assump- 
tion that the R membrane is the e.l.m. 

We shall discuss the arguments for both viewpoints. In his original work on the passive electrical 
property of the frog retina [1], Brindley measured the radial resistance of the membrane of the eye 
by passing a square current pulse through a preparation of the isolated dissected eye in the radial di- 
rection. Then, successively eliminating the retina, pigment and vascular layers and measuring the resid- 
ual resistance by subtraction he obtained the following figures: resistance of the retina 197 Q° cm?, 
pigment and vascular layers 78 (Q° cm?, sclera 25 (2 cm?. The curve of change in voltage for the prepa- 
ration on passage of the square current pulse is rounded as though in one of the layers a capacitance 
had been switched on in parallel to a high resistance. This “rounding’’ disappeared after removal of 
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the retina providing the pigment and vascular layers were retained. This experiment suggests that the 
layer with high resistance and capacitance (R membrane) is located in the retina. 

On lowering the microelectrode into the retina, the R membrane was detected at a depth on aver- 
age of 225-250 yu from the vitreous body. These figures are in appreciable excess of the distance to 
the e.l.m. in histological preparations. However, the difference could be readily attributed to compres- 
sion of the preparation on fixation or deflexion of the tissue by the microelectrode. Despite the fact 
that Brindley when passing a current pulse through the isolated retina did not find the R membrane 
there (which he attributed to damage during preparation) he concluded that the R membrane was 
the e.l.m. 

In our work [2] the results of measuring the distance to the e.l.m. in fresh retina (without fixation 
or freezing) showed that the figures commonly obtained were, relatively, not much (15-50 u) less than 
the depth at which the R membrane was discovered in this preparation. Such a difference corresponds 
precisely to the deflexion of the tissue by the microelectrode. This deflexion, according to a number 
of workers [4, 10], is 30-50 u. 

What are the arguments in favour of the second point of view? In experiments on the cat, Brown 
and Wiesel [3, 4] established that the e.r.g. recorded by a microelectrode within the retina, almost dis- 
appears as soon as the curve shows fluctuations in potential with-a rhythm of the cardiac pulse. Tak- 
ing the latter to be a criterion of penetration of the microelectrode through the Bruch membrane 
(into the vascular layer) the authors assumed that the R and Bruch’s membranes are the same, since 
in the frog the e.r.g. also disappears precisely after piercing the R membrane. 

Unlike Brown and Wiesel who though speaking of the R membrane did not in effect see it (since 
they did not measure the resistance), Tomita ef al. [5] supplied square pulses of current to the frog retina 
and by means of a microelectrode quite plainly detected the R membrane at a depth of 250-300 u 
Then, Brindley’s experiment was repeated: the retina was removed from the eyeball, the pigment epithe- 
lium left intact and again supplied with pulses of current. A resistance “comparable with the resistance 
of the R membrane” was detected (by the microelectrode) close to the inner surface of the preparation. 


After removal of the pigment epithelium the resistance disappeared. Consequently, the R membrane 
is located in the pigment epithelium, i.e. it is Bruch’s membrane. According to the calculations of the 
authors, the resistance of Bruch’s membrane is 216 {2- cm?, the resistance of the entire retina 43 Q: cm?. 

Brindley [6] continuing experiments with removal of the retina confirmed the results of Tomita 
et al. and agreed with their view. However, it was still not clear why essentially one and the same exper- 
iment led in different cases to diametrically opposed conclusions. The absence of suitable photographs 
and certain details of technique in the work of both these authors [5, 6] makes it is difficult to resolve 


this problem. 

Among the data and ideas two facts seriously challenge the notion that the R membrane is Bruch’s 
membrane. 

(1) In a number of our experiments the depth at which the R membrane was encountered on 
lowering the microelectrode was less than the distance to Bruch’s membrane, measured on the fresh 
retina immediately after the experiment. Consequently, the R membrane (at least in these cases) cannot 
in any way be Bruch’s membrane. This conclusion is especially obvious if we remember the unavoid- 
able deflexion of the tissue on insertion of the microelectrode—which must are affect the level 
of the e.l.m. which offers mechanical resistance to the microelectrode. 

(2) Bruch’s membrane is located between the pigment and vascular layers, i.e. outside the mem- 
brane proper. If the R membrane is Bruch’s membrane this makes completely incomprehensible the 
well-known cases [7, 10-13] in which the e.r.g. is formed almost entirely at the R membrane. Ap- 
parently, in these cases it would have to be assumed that the sources of the e.r.g. lie outside the reti- 
na,which is in conflict with all the known facts. 

Tomita et al. do not consider these cases at all. Brindley, however, attempts to attribute them to 
the fact that in a preparation left for a while, only the peripheral parts of the retina remain active. In 
fact, in the operation of only the peripheral zones (or on illumination with a wide ring, which is the 
same thing) a small oscillation with a sign similar to the normal e.r.g. is recorded [11, 12, 14] at the R 
membrane in the centre of the retina. However, the assumption that the central parts of the retina for 
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some reason lose activity more quickly than the peripheral parts is not very plausible and contradicts 
Brindley’s own observations that in preparations left for a while the oscillations in the nerve layers 
vanished simultaneously over the entire retina. 

The shift in the site of origin of the e.r.g. from the nerve layers of the retina to the R membrane 
has already been described in our previous work [2, 13]. It was possible to associate this interesting 
phenomenon with the observed histological movement of the rod nuclei across the e.l.m. and con- 
sequently, to explain it on the grounds that the R membrane is the e.l.m. 

TABLE | 


Experiment No. 


; : ba Q2-cm? 
] 2 he 4|5 6 7 8 | 9 | 10 | Mean 

Resistance of retina 420 | 230! 470 220) 280) 360! 390) 390| 360; 360; 347 174 

Resistance of pigment 

and vascular layers, Q 110} 300; 205; 250; 95} 95); 125| 195} 110! 165| 165 83 


It is clear from these remarks that however convincing the individual facts and arguments, or 
even their totality might appear to be, a clear experimental solution of the problem of the localization 
of the R membrane is now necessary. This was the object of the experiments described below. 

The main part of the work consisted in repeating and checking the experiments of Brindley and 
Tomita et al. with removal of the retina from the eye. If after this operation the R membrane as 
Tomita writes “actually remains in the eye and is absent in the removed retina” then the problem is 
solved in favour of the Bruch membrane theory. For the opposite standpoint, it is necessary to 
demonstrate the presence of the R membrane in the retina and its absence in the eye without the retina. 


Fic. 1. Recording of voltage drop in a preparation on passage of a square pulse 

current (only moment of switch on of current shown). 1, intact globe of eye; 2, eye 

without retina; 3, sclera; 4, eye after removal of retina if Ringer’s solution not 
introduced. 


Figure 1 shows the oscillograms of one of the experiments. Square pulses of current (50 pA) were 
supplied from a special circuit to the isolated dissected eye and the potential difference recorded 
between the sclera and the inner surface of the eye (for details see [2]). Oscillogram 1 clearly shows 
the rounding of the curve dependent on the values of the resistance and capacitance of the R mem- 
brane. Curve 2 was recorded after careful removal of the retina and curve 3 after removal of the pig- 
ment and vascular layers, i.e. in the sclera alone. It is clear that after removal of the retina the reduc- 
tion in resistance of the preparation (height of the pulse) is much greater than after removal of the 
pigment and vascular layers. Removal of the retina was accompanied by almost complete disappear- 
ance of rounding of the curve. 
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The table gives the values of the resistance of the retina and of the vascular and pigment layers 
obtained in 10 different preparations. The figures were calculated from experiments similar to that 
depicted in Fig. 1. In the last column is given the resistance per cm* of surface, assuming the retina 
to have an area of 0-5 cm?. As can be seen, the figures obtained are fully in accord with the original 
findings of Brindley and are greatly at variance with the figures of Tomita et al. 

What is the reason for such a difference in the value of the resistance? 

It is difficult to answer this problem in conclusive terms owing to the absence of certain details 
of their technique in the description of the above authors. However, a possible answer may be as fol- 
lows: curve 2 (Fig. 1) was recorded after Ringer’s solution was introduced into the eye minus the 
retina in an amount exactly corresponding to the vitreous body before its removal. If this is not done 
then the record of the current pulse will be such as in curve 4, Fig. 1. The height of the pulse is even 
higher than before removal of the retina. It is easy to understand the reason for this (Fig. 2). In the 
first case (A) the density of current is more or less uniform in the different parts of the retina and 
therefore the potential difference recorded is the same for different positions of the upper recording 


BR 


Fic. 2. Diagram of distribution of currents in cases corresponding to curves 2 and 4 
in Fig. 1. In case B density of current passing through eye in region of recording 
electrode is much greater than in A. 


electrode. In the second case (B) the density of current in the region of the “current” electrode is high 
and therefore, the recording electrode located near the “current” electrode records the potential 
difference formed in a zone with the highest density of current so that the voltage drop (height of 
pulse) is considerably greater than in the former case. The height of the pulse in this case closely 
depends on the position of the upper recording electrode. It is probably precisely this factor (i.e. 
absence or small amount of fluid in the eye after removal of the retina) which explains why the height 
of the pulse obtained by Tomita ef al. after removal of the retina was similar to that before its removal. 
Fig. 1 shows that after removal of the retina the curve still has a smali portion of rounding which 
vanishes after removal of the pigment and vascular layers. Consequently, in these layers there is, in 
effect, some membrane with resistance and capacitance. Possibly this is Bruch’s membrane which 
Tomita et al. discovered on lower'ng the microelectrode into the pigment layer. Judging from the 


height of the pulses, its resistance is 2-3 times less than that of the e.].m. 


Thus, removal of the retina from the eye is accompanied by disappearance of the R membrane. 
Is this the case for the isolated retina? 

To avoid damage to the retina when removing it from the eyeboll an experiment was carried out 
as follows. From the excised intact eye the sclera was carefully removed over an area with a diameter 
of ~3 mm. Then, all the anterior media of the eye were removed and the vitreous humour replaced 
by a cottonwool plug moistened with Ringer's solution. Fig. 3 shows the scheme of connecting the 
electrodes to supply the current pulses and record the potentials (microelectrode in position 1). Curve 
a was recorded on retention of the intact pigment and vascular epithelium and curve b after removal 
of both these layers. It is clear that in case b, i.e. in the isolated retina, the rounding of the curve 
hardly changed as compared with curve a. (It is difficult to judge the resistance of the layers removed 
from the change of height of the pulse in this experiment for the reason outlined above in connexion 
with the experiments of Tomita et al. (see Fig. 2 (B)). Consequently, the R membrane is in the retina 
and not in the pigment epithelium. Curves c and d (Fig. 3) illustrate the experiment on the retina re- 
moved from the eye and straightened with a cottonwool plug. Rounding can be quite clearly seen in 
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curve c (recording as in case 5). This rounding completely vanished after piercing the retina by the 
microelectrode (d). 

Curves 1-5 show the dependence of the size and shape of the pulse recorded on the position of 
the recording microelectrode. Moving it away from the “current” electrode led to a decrease in the 
recorded potential difference and disappearance of rounding. At a distance of about 1-5 mm (position 


Fic. 3. Records of voltage drop on passage of current pulses through preparation as shown in right 
part of figure. a, after removal of sclera; b, after removal of pigment and vascular layers; c and d, on 


isolated retina straightened with cotton-wool plug before and after puncture by recording micro- 
electrode. 1-5 records of pulse for different positions of recording microelectrode corresponding to 
numerals in diagram on right. 


3), the pulse scarcely differed from that observed after puncture of the retina (positions 4 and 5). This 
experiment shows that the spread of current away from the “current” electrode does not exceed 
1-1-5 mm and consequently, the observed rounding in the curve is determined by the properties of 
the retina under the electrode and not by distant parts from which the pigment and vascular layers 
are not removed. 

Thus,the experiments clearly show that the R membrane is absent in the eye deprived of the 
retina and is detected in the isolated retina. Consequently, the R membrane of the frog eye is the ex- 
ternal limiting membrane and not Bruch’s membrane. 

Finally, it is worth mentioning that this conclusion in no way contradicts the main part of the 
results described in the work of Tomita et al. mentioned above [5]. In this paper the authors attribute 
certain of the{changes in the e.r.g. observed by them (on local poisoning with cocaine, etc.) to a purely 
passive distribution in the retina of currents and poientials that depend on the distribution in the 
retina of resistances and the position of the dipoles. The line of reasoning in this case remains equally 
valid irrespective of whether or not the R membrane is Bruch’s membrane or the e.l.m. It is easy to 
see this by comparing the paper of Tomita et a/. with our recent work [14] in which the retina is con- 


sidered as a volumetric conductor. 
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The development of biological sciences 


“The development of the whole body of biological sciences must undergo 
major changes in order to solve successfully problems in medicine and 
for the continued expansion of agriculture. The interests of mankind 
assign to these sciences as their main tasks elucidation of the essence 
of the phenomena of life, disclosure of the biological laws of development 
of the organic world, study of the physics and chemistry of living matter 
and development of various techniques for controlling vital processes, 
notably, metabolism, heredity and directed changes in organisms. There 
must be a wider and more thorough development of the Michurin approach 
in biological science which starts from the premise that the conditions 
of life are paramount in the development of the organic world.” 


(Programme of the Communist Party of the Soviet Union) 


TASK AND OUTLOOK IN BIOPHYSICS* 


IN the present period the maximum acceleration of scientific and technical progress 
is the most important national task. A spate of new ideas and proposals must contin- 
uously fertilize practice and be the guarantee of successful theoretical research. 

The future significance of biophysics as a branch of biology can be appraised by 


attempting an answer to the following questions. 

(1) Wherein lies the characteristic distinctiveness of vital phenomena? 

(2) How does biophysics fit into the general corpus of biological disciplines? 

(3) What are the principal tasks of decisive importance? 

(4) What will be the practical effects of solving these problems and how should 
we try to define the importance for the State of biology and, in particular, biophysics? 

An essential aspect of the current period of development in biology is that the 

first question has ceased to be abstract and speculative. 

The striking advances in biochemistry, which in the last 30 years has developed 
on a tremendous scale, have started to reveal the secret essence of vital phenomena, 
involving a countless number of regularly occurring co-ordinated catalytic processes, 
However, life cannot be interpreted merely as the sum or combination of chemical 
reactions. It is maintained in a particular way by the organized “apparatus’’ of supra- 
molecular structure. In its organization and, particularly, function a réle is played 
by the physical (physicochemical) properties of the living substrate and physical (phys- 
icochemical) processes are effected. 

Therefore, biophysics is the close ally of biochemistry in attempts to unravel the 
essence of vital phenomena. If we omit the forerunners of this new field of science, 
the present wide development in biophysics started throughout the world only 6-8 
years ago. 


* Biofizika 6: No. 6, 626-630, 1961. 
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Two conditions were necessary for biophysical research to become explicit and 
effective. The first was establishment of a strong basis in biochemistry. At the same 
time, it was increasingly realized that the biochemical approach to the discovery of 
the essence of the phenomena of life was not in itself adequate. The second condition 
was the realization of the experimental techniques required. 

Biochemistry has now transcended its own limits and needs biophysical backing. 
Biophysics, while becoming an independent entity, wholly rests on biochemical founda- 
tions. It is no accident that a large number of journals are published in which the 
phenomena of life are analysed jointly by both disciplines. 


The need to invoke biophysics is felt already at the first stage of biochemical research 
aimed at defining the structure of the most important components of the living sub- 
strate — proteins and nucleic acids. 


Chemical methods help us to interpret the “inventory’’ and the quantitative ratios 
of the constituent elements (amino acids in the first case and nucleotides in the second) 
and in some cases the patterns of alternation of these elements in the molecular chain. 
However, elucidation of the actual spatial (three dimensional) organization of proteins 
and nucleic acids is beyond the reach of the chemical and biochemical approach. 
This spatial organization is disturbed on damage and within certain limits during 
“functioning’’ of the macromolecules. With it is coupled the nature of the forces of 
interaction between these macromolecules, the emergence of “constructions’’ from 
them — without utilization of genuine chemical bonds, the ability to accumulate and 


transmit energy quanta, etc. The term “molecular biophysics’’ has been coined to 
describe this. 


One of the most important achievements of science in the sphere of “molecular 
biophysics” is rightly considered to be elucidation of the spatial structure of the nucleic 
acids in the form of a double helix. 


Even more complicated problems face biophysics at the cellular level. In addition 
to chemical features, living cells are distinguished by a surprising regular supra- or 
intermolecular structural organization discovered unexpectedly a short time ago. 
Only this supramolecular, “suprachemical” organization accounts for the whole va- 
riety of metabolic processes and, in particular, the extraordinarily flexible self-regu- 
lation and self-adjustment to the most advantageous mode of operating. The discovery 
of a previously unsuspected world of the supramolecular organization has filled a gap— 
that between the long-known structure of the cell investigated under the microscope 
and the chemical characteristics of the group of substances forming the living substrate. 
This organization is defined as living “ultrastructures” or supramolecular “morphology”. 
The purely chemical approach falls down on the job of investigating it and still less 
in interpreting its properties and the nature of the forces controlling the processes 
within the structure. 

One of the essential factors in control is the mobility of the submicroscopic organi- 
zation responsible for the forced movement of substances, arrest of movement, “dam- 
ming”, etc. Inseparably bound with these control functions are the mechanical pro- 
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perties of the system, the electric properties of the medium and the continuously chang- 
ing electric potential gradients. 


At the same time, the numerical vastness of the structural elements and processes 
at work requires a new statistical approach to the science of control of these processes. 


Thus, speaking schematically of the characteristic features of a living system, pri- 
marily at cell level, one may say that this is a multicomponent organization of organic 
molecules of proteins, nucleic acids, lipids, carbohydrates, etc., with special properties 
in the form of various complexes and built up in the cell into ordered, supramolecular, 
submicroscopic constructions. 

The distinguishing feature of these supramolecular constructions are the membrane 
and multi-membrane arrangements producing subdivided surfaces, ensuring the reg- 
ular flow of the ensemble of the catalytic processes. The membrane and multi-mem- 
brane complexes have the remarkable property of unilateral and selective permeability 
and, in particular, the ability to change these properties in time, thereby producing 
an “accumulation” of electrolyte ions at these surfaces with the appearance of electric 
potential gradients and with rapid change in these gradients as a result of the changing 
properties of the membranes. 

The submicroscopic organizations form the cell “organs” (organella): nucleus, 
nucleolus, mitochondria, Golgi’s apparatus, microsomes and ribosomes. The functions 
of the nucleus and the protoplasmatic organella are closely interrelated with the sep- 
aration by membranes of the circulating substances and individual links of the pro- 
cesses. 

The cell may be described as a very complicated chemical conveyor with pipelines, 
reactors, a regulating and overlapping crane (valve) system. The structure is in constant 
movement effecting through this mobility certain most important aspects of regulation 
and control of the forced movement of matter and its arrest. 


The system of phenomena peculiar to life cannot be reproduced in solution or any 
other artificial medium even with a wide range of catalysts. Life requires complex 
“apparatus”—organization, the most important link in the apparatus being the supra- 
molecular, submicroscopic structure mentioned above. 

To reproduce artificially more or less organized chains, rather than separate reactions, 
the test tube must contain not solutions of substances but at least individual fragments 
of that ordered membrane structure discussed above. 

And, finally, the most important facet—the strict automatism of harmonized rates 
and the interaction of individual processes, their self-adjustment to the most advan- 
tageous mode of operating at any given moment and for the conditions pertaining at that 
moment, with furthermore the capacity for continuous self-maintenance of the system, 
recovery in the event of disturbance and replication—is possible only if the cell organi- 
zation is preserved. 

Thus, defining the most important characteristics of living matter raises a chain 
of tasks. Our attention must first focus on study of the structure that ensures such 
complex functions of living matter, starting from the structure and properties of the 


1* 
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most important molecules and ending with “construction” of the entire living “mech- 
anism”. 

Then, we must find out the essence of and the principles governing that remarkable 
self-control maintained by the mechanism of the cells and giving harmony to the spe- 
cially constructed multicomponent system, the scene of a multiplicity of metabolic 
processes; we must discover how from this harmony is derived the capacity for self- 
maintenance, functional mobility, restoration and _ self-replication. 

Naturally, all this must be based on the widest development of biochemical anal- 
ysis both of the chemical characteristics of the material and the kinetics of the chains 
of metabolic processes. However, it may be said that the most important and character- 
istic aspects of the phenomena of life will be discovered, using, this biochemical ma- 
terial, through study of the arrangement of the “apparatus” of life, disclosure of the 
actual mechanisms of control by this apparatus of metabolic processes and, finally, 
the general principles of regulation, tuning and self-replication. The latter aspect of 
the problem can be nominally termed “microcybernetics”. 

However, biophysical problems are not merely confined to the cellular level. 
The trend now is to move away from purely biochemical aspects in analysing the essence 
of vital processes and towards multi-cellular systems and ultimately to the 
most complex multi-cellular organisms. Here we encounter the same problems of inter- 
action in multi-component systems but already at the next stage of complexity of 
organization. Here we find all we have said above on the independent (to a certain 
extent) co-ordinated and self-controlled role of intracellular processes and, on the 
other hand, new properties and new patterns emerging in the ensemble of cells and 
the subordination of the function of each cell to this totality. 

We need to search for new principles of investigating function in this structure 
of increasing complexity made up of a series of sequential steps with a multiplicity 
of elements, i.e. to look for general laws of self-control, stabilization, self-mainte- 
nance and self-adjustment to the most advantageous mode of operation with “auto- 
matic” self-restoration. 

This presents special difficulty in analysing the function of the central nervous 
system consisting of more than ten thousand million cells controlling the organism, 
organs and cell aggregates. Here, the extraordinary complexity of the multi-compo- 
nent system and an untold number of parallel interconnected processes requires essen- 
tially new modes of generalization and analysis. This also applies to the no less important 
problems of investigating the function of the sense organs. 

We shall name a few of the most important problems for the immediate future, 
in the solving of which biophysics has a major réle to play. 


(1) Physical (spatial) structure of protein and nucleic acid molecules—molecular 
biophysics. This branch of biophysics must be developed in order to study protein 
ynt hesis and, to elucidate the réle of DNA in heredity, of great importance in virology 
and the practice of immunization. 

(2) Biological ultrastructure. Switching all the resources of microscopy to investi- 
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gating subcellular formations (medicine and agriculture) and to uncover the physical 
and physicochemical properties of this ultrastructure. 

(3) Mobility and contractability as a fundamental problem in biology and as 
a new “motor” principle (high-polymer). 

(4) Mechanism of excitation and conduction of impulses—basis of nervous activ- 
ity. 

(5) Theory of control in living systems at different levels of organization from 
intracellular processes to “ultra-complex” formations of the central nervous system. 
This is necessary for mastering and controlling the phenomena of life and as a model 
for “reliability” in technological control systems. 

(6) The enigma of photosynthesis cannot be solved without biophysics. 

(7) The stimulatory effect of ultra-violet rays and ionizing radiations must be inves- 
tigated on a biophysical basis. 

The gain in knowledge from solving these problems will obviously be important 
but its practical implications will be even more so. Investigation of these problems 
arms us not only with knowledge of the secret essence of life but with the means for 
controlied intervention in vital processes. 

Achievement of such intervention may not have to wait for long-term solution of the 
problems. With each step forward in research we may see practical repercussions in the 
sphere of synthesis of new substances, in diagnosis and therapy and in control methods 
and certain important techniques of economic importance in agronomy and the food 
industry. 


It is worth recalling the importance of microscopy in all branches of practice con- 
nected with biology opening up not only whole areas of knowledge but a vast number 
of diagnostic, control and production techniques. Investigation by means of electron- 
optics of the “submicroscopic” field with the possibility of physicochemical and chem- 
ical interpretation of the patterns observed enormously increases the practical appli- 
cation of microscopy, promotes earlier and more accurate diagnosis and extends the 


possibility of control analysis, etc. 

Study of molecular organization and processes and disturbances in certain patho- 
logical processes, notably atypical growth and sclerotization of the vessels, is already 
on the agenda. 

The use of ionizing radiations, ultrasonics and ultra-violet radiation calls for thor- 
ough biophysical analysis of the mechanism of action of these factors. But even with 
our present level of knowledge and experience, which is constantly being widened, 
these factors have already been put to good use in furthering the development and 
processing of certain products and materials. 

Study of the complex processes of self-control in the living system initiates new 
original methods of research which can find immediate application in the diagnosis 
of various diseases. 

To penetrate deeply into the essence of biological processes is to come into contact 
with the dearest and most valuable possession of all—human life, with the health and 
longevity of man and to take part in the fight against diseases as yet incurable. It is 
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to come to grips with the material basis of the life of man and with agricultural pro- 
ductivity. 

Soviet biophysicists mindful of their duty to their Motherland in discharging the 
tasks facing our most humanistic system must even more resolutely and at an ever 
faster pace work for a solution of these challenging and absorbing problems in pursu- 
ance of the programme of our Great Party. 


POSSIBLE DIFFERENT EXPLANATIONS OF ANOMALOUS 
MAGNETIC PROPERTIES OF MACROMOLECULAR 
COMPO UNDS* 


L. A. BLYUMENFEL’D, V. A. BENDERSKI and A. E. KALMANSON 


Institute of Chemical Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 19 June 1961) 


1. INTRODUCTION 
As there have recently appeared a number of papers concerned with the magnetic 
properties of nucleic acids and nuclear proteins it is desirable to analyse the existing 


experimental material which to some extent is contradictory. 

We give the main experimental results. 

(1) In our laboratory in 1958 it was found [1, 2] that preparations of DNA and RNA 
and their artificial complexes with proteins gave wide (500-120 oersted) asymmetrical 
lines of electron resonance (e.p.r.) the intensity of which, assuming a purely paramag- 
netic nature of absorption, corresponds to a content of 10'%-10"" unpaired electrons 
per gram. In a number of cases the lines were so asymmetrical that distinct absorption 
in the zero magnetic field was observed on plotting the integral curve. 

Similar results were later obtained for phage in the laboratory of Zimmer [3], for 
DNA by Redhardt [4], for DNA, RNA and purine and pyrimidine bases compressed 
under 15,000 atmospheres by Blois and Maling [5]. 

(2) It has been shown [2] that these specimens are characterized by a positive 
Static magnetic susceptibility, saturated in comparatively weak fields. The values of 
magnetization on saturation are 10 ~*-5x 10 c.g.s.m. At the same time, DNA pre- 
parations of calf thymus specially investigated for this purpose showed the absence 
of an original moment. On the other hand, Shulman et al. [6] detected distinct hysteresis 
phenomena in DNA preparations indicating the presence of original moments. In 
one of the DNA samples they found contamination in the form of solid ferromagnetic 
particles after removal of which the hysteresis phenomena disappeared but the basic 
effect (wide signal of resonance absorption) persisted. 


* Biofizika 6: No. 6, 631-637, 1961. 
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(3) In a number of DNA, RNA and artificial nucleoprotein samples an anomalous 
temperature dependence of the intensity of the e.p.r. signals has been found [1] manifest 
in reversible widening (sometimes to the point of disappearance) and shift of the re- 
sonance curves in a comparatively narrow temperature interval from 80-100° K. In 
other samples, in particular, in growing yeast cultures, this was not observed. In the 
papers [3, 5, 6], reference is made to widening and displacement of the lines of spin 
resonance at low temperatures although the disappearance of signals was not observed. 
In the interval of 100—-300°K the character of the resonance absorption is virtually 
independent of temperature. 

(4) In work [7, 8] the connexion between this effect and the structural characteristics 
of biopolymers was investigated. Heating in the dried form to 200°C led to irreversible 
disappearance of signals. This has also been observed by other workers [3-5] although 
in paper [5] milder conditions were reported for the disappearance of absorption 
(125-150°C). The destruction of the native structure of nucleic acids on heating in solu- 
tion or under the action of strong acids leads to fall in intensity of resonance absorption 
in complete conformity with the course of denaturation of these polymers when in- 
vestigated by the usual methods. On the other hand, in work [5] the signal did not 
disappear on heating in solution or on degradation of DNA with DNA-ase. 


Experiments on solutions of nucleic acids at different pH values have shown that the 
magnetic effect is minimal at the isoelectric point of the biopolymer, increasing with 
rise in the charge of the side (phosphate or amino) groups of the molecules of nucleic 
acids. 

In the case of artificial nucleoproteins the appearance and intensity of the effect 
is reproducible and regularly depends on the conditions in which they are prepared 
(pH of medium, ratio of concentration of nucleic acid to protein, etc.). Papers [1, 2, 7] 
describe the preparation of complexes from nucleic acid and protein which individually 
did not have the effect. In these experiments 100 mg samples of either the initial protein 
or the nucleic acid were diamagnetic, whereas 10 mg of their complex gave an e.s.r. 
signal of high integral intensity (107-102 g~') and magnetization of the samples with 
a saturation corresponding to 3-4 10™ c.g.s.m. 

In work [4] the intensity of the e.p.r. signals was found to depend on the molecular 
weight of the separated fractions of DNA. 

(5) Of great interest are the findings of Blois and Maling [5] on the presence of 
sharp anisotropy of resonance absorption for molecularly orientated samples of nucleic 
acids coinciding with the anisotropy of the molecule. 

Since, as indicated above, the susceptibility x falls hyperbolically with increase in 
the voltage of the external magnetic field H it is perfectly obvious that it is a matter 
not of ordinary paramagnetism and the very term electron paramagnetic resonance 
and also the determination of the number of unpaired electrons through comparison 
with the e.p.r. spectra of the usual paramagnetic standards is, in this case, of a purely 
arbitrary character. The concentrations of unpaired electrons reported in work [Il-8] 
must be understood as that number of free spins of a normally paramagnetic substance 
which would give an e.p.r. line of the same integral intensity. Hereafter, in assessing 
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the relative intensities we shall continue to make use of this value emphasizing however 
that it bears no relation to the actual content of unpaired electrons in the samples. 

The absence of original moments with the appearance of saturation in weak mag- 
netic fields plainly shows that comparatively small regions with ferromagnetic regularity 
are the cause of the observed effects. As the results of static measurements do not tell 
us about the specific character of these regions and absorption lines of the shape in- 
dicated in the spin resonance spectra may be due to any anisotropic ferromagnetic 
systems (in particular, small ferromagnetic inclusions) the lack of specificity of the 
experimental findings forces us to consider three possible explanations. 

(1) Presence of ferromagnetic inclusions. 

(2) Presence of paramagnetic ions, collective interaction of which is effected by 
means of the fundamental structure. 

(3) Appearance of unpaired electrons and their unusual properties, a consequence 
of specific features of the most ordered organic systems. 

Possible representations of the last variant have been examined by two of us [10] 
and by Ginsberg and Fain [11]. The present article is devoted to analysis of the first 


two variants. 


2. POSSIBILITY OF REDUCING THE EFFECT TO FERROMAGNETIC INCLUSIONS 


As the effects can be reproduced in preparations isolated in various laboratories 
using different methods, there is apparently no point in speaking of the possibility of 
the systematic admission of any definite ferromagnetic substance which in a macro- 
sample has a dependence of its magnetization on the temperature and voltage of the 
external magnetic field M (H, T) in agreement with the experimental findings presented 
above. The sounder approach is to consider small ferromagnetic inclusions the pro- 
perties of which are primarily determined by their shape and dimensions. In their chem- 
ical composition, these inclusions most probably contain pure iron, its oxides or 
hydroxides although the formation of ferromagnetic systems of such a type is possible 
by the participation of other paramagnetic ions. Since in all these cases the magnetic 
properties are determined only by the concentration of magnetoactive atoms and their 
effective magnetic moments, depending comparatively little on chemical composition, 
then for the tentative calculation given below the chemical composition of the admixture 
is not of special importance. 

The experimental findings on the magnetic properties of small ferromagnetic par- 
ticles and films [12-14] show that with a decrease in size, the Curie temperature falls, 
the magnetization on saturation is reduced and saturation appears in weaker fields; on 
the other hand, the coercive force determining the residual magnetization increases 
with a decrease in size, reaching a maximum at a definite critical value of the particles 
[15]. It is thus possible to assume that the magnetic properties observed are due to 
particles of such a size that their Curie temperature is close to 400-500°K since the 
coercive force close to the Curie point drops more sharply than the magnetization 
[16]. In this case, at room temperature the particles of the admixture will possess fer- 
romagnetic properties with low initial moments. The size of the particles and their 





Anomalous magnetic properties of macromolecular compounds 711 


concentration can be evaluated by using the relations for M(H, T) obtained for small 
ferromagnetic particles by Ginsberg and Fain [17] over the entire temperature interval. 
Close to the Curie point magnetization is equal to: 


M= To SN, 


n=(1——.- 2 (1 
a ) 
where N is the number of atoms of the admixture with spin S per g substance, 0, the 
Curie temperature of the macrosample, F, a shape function, F,, is constant equal 
to 0-235 for an infinite volume-centred lattice. Assuming on the basis of the foregoing 
§ ~ 400°K, we find F ~ 0-6-0-7, which agrees with ferromagnetic particles containing 
about 10°-10* atoms (for details see (17)). 
n~ 10° — 104. (2) 
From (1) we find the concentration of atoms of the ferromagnetic inclusion: 
M 


—— 3) 
0+ 5S 


N> 


For the observable values of magnetization (10-*-5 x 10~* c.g.s.m.) the content of free 
spins in the sample must be 2 x 10'®-10"* per gram, i.e. in the case of pure iron, its 
concentration must be 8 x 10-°-4x 10°? per cent. 

Generally speaking, the systematic admission of such amounts of ferromagnetic 
contamination is quite possible. Since nucleic acids contain transition metals forming 
part of their organic structure (for details see below) and their number in different 


samples changes by values of the same order, analytical determination of these amounts 
of ferromagnetic admixtures is impossible. 

It follows from papers [2] and [3] that the effect may be due to a content of ferro- 
magnetic inclusions of only comparatively small size. In view of the small dependence 
of the magnetization on the shape and size of the particles of the admixture, the results 
can be reproduced. In solutions such particles exist only in the solvated state when at 
their surface a double electric layer of polarized solvent molecules forms. In other 
words, we are dealing with colloidal solutions of a ferromagnetic admixture in the 
presence of a biopolymer. 

It is perfectly obvious that the lability of the ferromagnetic colloidal particles and 
consequently, the magnetic properties of the system as a whole are determined by the 
properties of the macromolecules of the biopolymers present in solution, especially 
by the potential outline of their surface. It is thus pointless to speak of the possibility 
of reducing the effect to a mechanical] mixture of biopolymer and a magnetic component 
not interacting with it. In addition, all the other experimental findings suggest the 
existence of a connexion between the magnetic properties of the preparation and the 
structural characteristics of the fundamental substance thereby refuting the possibility 
of such an explanation. 

In view of the unspecificity of the effect emphasized above, in those cases in which 
the entire set of magnetic characteristics is not measured, random ferromagnetic conta- 
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mination may imitate or mask the effect leading to erroneous conclusions. We have 
come across this in our work; such a possibility is borne out by the above-mentioned 
findings of Shulman et al. [6] on samples which gave hysteresis effects. Apparently, 
a number of the results of Aleksandrov, Gavrilov and others [18] may be explained 


along these lines. 

It follows from this that the cause of the observable phenomena may be small, 
labile ferromagnetic inclusions, the existence of which in the sample is connected with 
the peculiarities of the fundamental structure. The rdéle of the latter may be defined as 
that of exerting either a stabilizing or absorption effect, so that two cases are possible. 


(1) The non-magnetic system as such serves to stabilize the ferromagnetic inclusions 
Subsequently, the magnetic properties of these inclusions will be determined by the 
activity of the stabilizer, i.e. by preservation of the fundamental structure. The scheme 
outlined may offer an explanation of almost all the available experimental findings, 
including the magnetic anisotropy of the system as a whole, coinciding with the ani- 
sotropy of the molecules of the stabilizer. However, it is necessary to explain the unique 
effect of nucleic acids as stabilizers of ferromagnetic colloidal particles and the absence 
of this property in such typical stabilizers as proteins and polar aliphatic systems. 

(2) Transition from paramagnetic particles to a ferromagnetic phase occurs in 
the presence of definite characteristics of the fundamental structure. In this case, one 
can speak of a single magnetic complex and its properties. As an example of a mechanism 
of such a type, we may consider the process of sorption and desorption of paramagnetic 
colloidal particles at the surface of the macromolecule: 


Formation of hydroxyl micelles in Sorption of micelles and structuring of 
solution (paramagnetic phase) them (ferromagnetic phase) 


This equilibrium may shift with changes in the pH of the medium, temperature 
and other factors leading to changes in the structure of the macromolecule which alter 
its adsorption capacity. It follows from the points made above that there must be 
1-2 adsorbed micelles for each macromolecule. The possibilities of explaining all 
the experimental results by means of such a scheme are obvious. 


Neither mechanism depends on the “history” of the sample. Irrespective of whether 
paramagnetic ions or their micelles were contained in the original biological material 
or whether they were introduced during isolation and treatment, the resulting magnetic 
properties are determined by the characteristics of the basic substance and its inter- 
action with the ferromagnetic component. In the case of paramagnetic ions it is hardly 
necessary to consider the possibility of their introduction from without, in view of their 
considerable concentration in original biological material. This cannot be said for 
colloidal particles of the ferro-or paramagnetic type. Elucidation of the problem must 
be the subject of further research. The first preliminary results of Blois [9] who obtained 
similar effects in native tissues rich in DNA and not subject to any treatment likely 
to lead to their contamination, indicates (if they are confirmed) that the actual phenom- 
enon exists independent of admixtures introduced from without. 
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The analysis made shows that the effect cannot be reduced to trivial ferromagnetic 
contamination. However it may be due to labile ferromagnetic inclusions the stabiliza- 
tion or formation of which are determined by the properties of the fundamental 
structure. 


3, POSSIBILITY OF INTERACTION OF PARAMAGNETIC IONS VIA THE BASIC 
STRUCTURE 

The presence of non-interacting paramagnetic ions cannot be responsible for the 
properties detected in view of their basic characteristics and also their size. Therefore, 
such an explanation must indicate the possibility of summation of the spin-moments 
of paramagnetic ions organically forming part of the structure. 

Recently, a number of papers have appeared [19, 20] analysing nucleic acids and 
natural nuclear proteins for their content of various metals. It was found that native 
DNA and RNA contain firmly bound metallic ions the total number of which is very 
constant in preparations isolated from different sources, does not depend on the con- 
centration of paramagnetic ions in the medium from which they were isolated and 
approximately amounts to one ion of metal per 50 nucleotides for RNA and one ion 
of metal for 150 nucleotides for DNA. Analysis has shown the presence in the pre- 
parations of the following metals: Mg, Ca, Sr, Ba, Pb, Cr, Mn, Fe, Ni, Cu and Zn. 

The number of paramagnetic ions is about a third of the total value indicated. 
The constancy of the content of metals and also the firmness of their link (the latter 
is greater than with the strongest organic complexing agents) with nucleic acids compels 
the authors of these papers to conclude that the metal ions form part of the organic 
structure of nucleic acids, most probably in the form of chelate complexes with nitro- 
genous bases. 

The dissociation constants of these complexes are considerably lower than those 
which could be expected on formation of phosphates. The absorption spectra indicate 
that the ions are in the form of individual complexes with nucleic bases without strong 
direct interaction with each other. All these very important results strongly suggest 
that the metal ions are comparatively evenly distributed about the macromolecule. 
The problem as to why the number of such ions remains small and constant, although 
the number of free nitrogenous bases is very high is left open by the authors. 

Thus, to explain the magnetic properties one must consider the problem of collective 
interaction in a system of paramagnetic ions present in a non-magnetic medium and 
separated from one another by about 50-100 nucleotides (150-300 A). The sole possible 
explanation would be to assume indirect exchange due to x—electrons of heterocyclic 
rings. The theory of the indirect interaction evolved by Kramers and Anderson [21, 
22] to explain the realization of the ground state of antiferromagnetics shows the 
possibility of indirect exchange through 1-2 centres via use of the d-orbit of the non- 
magnetic atom. It is perfectly clear that in this case the probability of simultaneous 
excitation of all intermediate non-magnetic centres is vanishingly small and indirect 
exchange impossible. Therefore, to explain the effect in this way it is necessary to find 
a new considerably more distant-acting mechanism of exchange interaction, which is 
hardly a feasible task. 
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Analysis of the material given in the present paper shows that the existing body of 
experimental information does not provide clear-cut evidence for any of the three 
variants proposed. Further research is required. 
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WITH the development in recent years of ideas on the réle of the excited electron states 
in biology and chemistry, particular importance attaches to study of the possibility 
of prolonged conservation of energy in the macromolecule of proteins. In the literature 
the possible réle of these mechanisms is discussed both for the radiobiological effect 
in photosynthesis and for many other biochemical processes [1-8]. 

Study of the prolonged afterglow of proteins, alongside methods of electron para- 
magnetic resonance, is one of the promising methods of investigating such mechanisms. 
A study has been made of the low temperature phosphorescence of various proteins 
[9-11, 20, 21] for which the triplet states of aromatic amino acids are responsible and 
also the prolonged emission of proteins at low temperatures after exposure to ionizing 
radiation [8]. However, in biochemical processes of importance are those excited 
states of the molecules which may appear and exist for long intervals of time at the 
temperature of the cell and tissues of the organism, i.e. temperatures of +5-+40°. 


However, the problem of the possibility of afterglow of proteins at room and higher 
temperatures has so far received little attention. The literature reports only isolated 
attempts at visual observation of afterglow of certain biological specimens [12, 13]. 

Study has been made in our work of the afterglow of various proteins and amino 
acids at room and higher temperature, first irradiated with ultra-violet light (SVD-120 A 
high-pressure mercury quartz lamp at a distance of 20 cm, through a thermal and UFS-2 
light filter). Afterglow was recorded by means of apparatus consisting of a FEU-18 
photomultiplier immersed in a Dewar vessel filled with liquid nitrogen with a window 
of optical quartz, a pulse amplifier and a scaler (Fig. 1). The test objects were placed 
in a thermal cuvette and set up directly in front of the window of the photo multiplier. 
Fig. 2a shows the emission curves of various proteins after preliminary irradiation 
with ultra-violet light (250-400 my) for 15 sec. Study of these curves shows that fading 
of the intensity of the afterglow for all the proteins investigated in films was of a biphasic 
nature; the rapid fall in intensity of radiation in the first 30 sec gave way to slow fading 
during the entire subsequent period. For proteins containing a large number of tryp- 
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tophan residues, more intense afterglow was observed in the first phase. Emission 
in the second phase was essentially not dependent on the content of tryptophan in the 
protein. A slower fall in intensity of afterglow in time was noted for sulphur-containing 
proteins—wool keratin and pepsin and also for native structured proteins—wool 
keratin and silk fibroin; the afterglow also faded extremely rapidly for a clupein film 
not containing aromatic amino acids. Fig. 2c gives the afterglow curves of proteins 
in solution. In this case, intensity of the afterglow was 3-4 orders of magnitude lower 
than the intensity of afterglow of the same proteins in the film. The afterglow of clupein 
in solution could not be recorded at all. 
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Fic. 1. Unit with cooled photomultiplier. 1, metallic housing; 2, quartz Dewar vessel; 3, FEU-18 pho- 

tomultiplier; 4, plastic foam stopper; 5, cover of housing; 6, voltage divider; 7, pre-amplifier; 8, high 

frequency cable; 9, windows of optical quartz in Dewar vessel; 10, end cap of nozzle on which end 

of photomultiplier may be mounted; 11, funnel; 12, electrostatic screen; 13, supply leads for photo- 
multiplier. 


In order to find out how far the protein structure is implicated in the effects observed 


it was important to investigate the emission curves of free amino acids. Fig. 3 gives 
the afterglow curves of various amino acids in films and in solution. It is clear that 
the intensity of the amino acid afterglow in the film is many times less than the protein 
one. In aqueous solution all the amino acids investigated by us displayed no afterglow. 
It is noteworthy that the content of sulphur in the amino acid, as in the case of proteins, 
led to slower fading of the afterglow lasting several tens of minutes. Thus, it follows 
from these findings that the incorporation of amino acids in the protein structure 
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results in a sharp increase in intensity of the afterglow. However, experiments with 
filtration of afterglow by means of light filters shows that the afterglow spectrum of 
all the proteins investigated by us roughly coincide in position with the afterglow 
spectrum of low temperature phosphorescence of tryptophan (400-500 my) [11]. 
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Fic. 2. a, kinetic curves of drop in intensity of afterglow of various proteins in films after irradiation 

with SVD-120 A lamp at a distance of 10 cm for 15 sec 1, wool keratin; 2, amylase film; 3, human 

serum albumin film; 4, silk fibroin; 5, barley roots; 6, clupein; 7, pepsin. b, 1, human serum gamma 

globulin, 0-1 per cent aqueous solution; 2, human serum albumin, 0-1 per cent aqueous solution; 3, 
clupein, 0-1 per cent solution; 4, aspargine, 0-1 per cent solution. 


To elucidate the mechanisms of afterglow of proteins, experiments were carried 
out to see how oxygen and moisture affected them. Fig. 4 gives the afterglow curves 
in atmospheric oxygen and moisture for wool keratin. The experiments confirmed 
the biphasic character of the emission process. Atmospheric oxygen lessened the inten- 
sity of emission in the first stage without appreciably influencing the second for un- 
moistened samples of wool keratin. In contrast to the oxygen effect moistening wool 
keratin in atmospheric conditions led to a decrease in intensity of emission in both 
stages. However, in vacuo water had the opposite action producing a sharp increase 
in intensity of emission for the first stage and somewhat reduced intensity of the second. 


Thus, a difference in the mechanisms underlying afterglow in the first and second 
phases is to be seen in the fact that oxygen and moisture exert different, and even 
opposite, effects on them. The temperature dependence of the intensity of emissions 
in both stages differs particularly sharply (Fig. 4a). A rise in temperature to +70° 
caused a sharp (tenfold) reduction in the intensity of emission of wool in the fast stage 
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and conversely, intensification in the second. The intensity of emission in the second 
stage decreased very slowly and after a few tens of seconds settled at a constant level. 

Increase in the intensity of afterglow with rise in temperature in the second phase 
was of an exponential character (Fig. 5). The activation energy of this process for 
wool in the temperature range investigated was 21°5 kcal/mole. It is worth noting 
that this value of the activation energy exactly corresponds to the energy of electrical 
conductivity of water-containing proteins obtained by Riehl [14]. 

The activation nature of afterglow was also seen for silk fibroin, films of amylase, al- 
bumin, pepsin and human serum gamma globulin. However, it was difficult to plot cur- 
ves relating the intensity of afterglow to temperature for these proteins owing to their 
rapid emission of stored energy both at room and at higher temperatures. It is possible 
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Fic. 3. Kinetic curves of drop in intensity of afterglow of various films of amino acids after irradiation 
with SVD-120 A lamp at distance of 10 cm for 15 sec. 1, methionine; 2, tryptophan; 3, glycylglycine; 
4, aspargine; 5, $-alanine. 


that the difference shown by keratin from other proteins in kinetics and character 
of the activation process is connected with the high concentration in it of sulphur- 
containing amino acids which, according to the assumption of Szent-Gyérgyi lengthen 
the lifetime of excited states [2]. It is interesting that fixed barley roots and also frog ske- 
letal muscles have a distinct afterglow of an activation character. This is probably con- 
nected not only with the influence of the sulphur-containing compounds of the cells 
but with the special state of proteins composing biological structures, a point which 
will be discussed in greater detail, in the next communication. 

The data given above on the kinetics and temperature activation of afterglow of 
proteins apparently are intimately connected with the existence of unpaired electrons 
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present in traps and recombining on heating with liberation in the form of a photon. 
Such emission was observed by Lewis and Kasha and others [15-17] for a wide range 
of organic compounds in vitreous media. They relate this glow to dissociation of the 
excited electron and retention of it in the unpaired state in viscous medium. The for- 
mation of unpaired electrons in proteins after exposure to ionizing radiation and even 
visible light has been demonstrated by the method of electron paramagnetic resonance 
[3, 4, 18, 19]. Heating leads to a fall in the e.p.r. signal, i.e. to a reduction in the con- 
centration of unpaired electrons, which is in good agreement with our experiments. 

Unfortunately, neither the data on electron paramagnetic resonance nor the results 
obtained in our experiments provide a conclusive answer to the problem as to whether 
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Fic. 4. a, effect of temperature on kinetics of afterglow of wool following irradiation for 15 sec with 
ultra-violet light (250-380 my). 1, wool at +75; 2, moistened wool at +20°; 3, wool at +20°; 4, mois- 
tened wool at +75°. b, effect of oxygen on kinetics of afterglow of wool following irradiation in same 
conditions. 1, moistened wool in vacuo; 2, wool in vacuo; 3, wool at atmospheric pressure; 4, mois- 
tened wool at atmospheric pressure. 


the unpaired electrons of the radicals or electrons caught by the trap close to the con- 
ductivity zones of the protein macromolecule are involved in the mechanisms of energy 
conservation. 

However, it is permissible even now to divide the process of afterglow into three 
stages—absorption, conservation and emission of energy. Responsibility for the first 
and third stages in tryptophan-containing proteins rests with the luminescing molecules 
of tryptophan, which will be the subject of the next communication. At the same time, 
our results suggest that in the second stage—stage of energy conservation—a major 
réle is played by the impure supra-molecular structures of proteins. In effect, the fact 
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that the proteins in films gave an afterglow more intense by 2-3 orders of magnitude 
than free tryptophan and other amino acids indicates the réle of definite supramo- 
lecular structures in the conservation of excited states in proteins. However, there is 
little justification for describing the réle of the structures as merely that of producing 
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Fic. 5. Intensity of afterglow of wool as function of temperature. 
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Fic. 6. Intensity of afterglow as a function of dose (time) of preliminary irradiation with ultra-violet 

light (region 250-380 my) for the following proteins. 1, wool keratin; 2, amylase film; 3, amylase film 

repeated ; 4, same amylase film after heating for 10 min at + 70°; 5, temperature dependence of intensity 
of luminescence of wool keratin. 


sufficiently viscous molecular surroundings about the centres of the glow, as was ob- 
served in the experiments of Lewis et al. [15], for amino acids in films do not display an 
afterglow similar to proteins. Lewis’ interpretation also failed to explain the rdéle of 
water in the presence of oxygen which in our experiments did not reduce, but, on the 
contrary, increased the afterglow. Apparently, a further argument against the viscous 
mechanism of conservation is the presence of two phases of afterglow reacting differently 


to external factors. 
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Finally, support for our ideas on the réle of supra-molecular structures in energy 
conservation is afforded by experiments aimed at elucidating the relation between 
the intensity of afterglow and dose (time) of preliminary irradiation. The curves in 
Fig. 6 show that small doses of irradiation (1-3 sec) in previously unirradiated samples 
do not give a recordable afterglow. In the interval from 3-20 sec rapid rise in the inten- 
sity of afterglow was observed, with increase in dose. A further increase in dose produces 
a distinct maximum (within 20-30 sec) of the intensity of afterglow. With even greater 
doses the intensity of the afterglow gradually and irreversible diminishes. Repeat 
study of the dependence of afterglow on dose for the same proteins previously receiving 
5-10 min irradiation showed the absence of a latent period observed for the unirradiated 
proteins. In this case, even exposure for | sec led to the appearance of intense afterglow 
which, however, after longer exposures rose weakly without reaching the original 
values. Heating the samples to a temperature of +-70° for 2-3 min eliminated the effect 
of preliminary irradiation, again causing the appearance of a latent period and a max- 
imum, characteristic in shape but lower in intensity. It might have been assumed that 
the decrease in intensity of afterglow with increase in dose of irradiation was caused 
by a purely molecular process of photochemical damage to the centres responsible for the 
glow. However, the intensity of luminescence of proteins exposed to the same doses 
of ultra-violet irradiation (Fig. 6) did not show any appreciable change. This suggests 
that irradiation causes damage not to the molecular centres of the glow (aromatic 
amino acids) but to certain supramolecular structures involved in energy conservation. 
We would note that these findings also run counter to ideas on the decisive réle of 
microviscosity in processes of conservation of excited states, since irradiation itself in our 
experiments caused hardly any change in the viscosity of a film or fibres. 


An interesting point is that brief heating of previously irradiated samples caused 
the reappearance of the latent period and of the typical character of the dose curve. 
This fact apparently can be explained on the basis of ideas on the successive filling 
by excited electrons initially of the deeper energetic levels of the conservation system 
and only then of the shallow ones which are essentially responsible for the afterglow. 
Therefore, the small doses filling the deeper levels of the conservation system do not 
cause afterglow whereas in previously irradiated proteins where the lower levels are 
already filled, even doses of less than | sec produce afterglow. Heating leads to the 
freeing of vacancies at the lower levels of the system which on repeat irradiation result 
in accumulation in them of the first lot of excited electrons. 

The view that supra-molecular structures are involved in the processes of conservation 
is also possibly confirmed by the appearance of glow on mechanical stretching and 
rupture of wool fibres and silk fibroin previously exposed to irradiation (Table). 


Counting rate (counts/10 sec) 


Specimen 
Background Before At moment After 
tension of tension | rupture 


Wool 12+3 : +3 40+10 
Fibroin 12+3 
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This glow observed both in fibres moistened with water or glycerol and in dry 
fibres may be due to the liberation of electrons from the conservation system disturbed 
on stretching. Since stretching mainly causes disturbance in the physicochemical and 
disulphide bonds, this too favours the supramolecular nature of conservation. 


SUMMARY 

(1) An apparatus with a photomultiplier cooled in liquid nitrogen has been used 
to investigate the prolonged afterglow, lasting several tens of minutes for certain pro- 
teins, of proteins and amino acids in films at room temperature. 

(2) A biphasic character of afterglow with temperature activation of the second 
phase was observed. The activation energy for wool keratin is 21°5 kcal/mole. 

(3) The participation of impure supra-molecular structures in the process of pro- 
longed energy conservation in protein macromolecule systems has been demonstrated. 
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IT has been known for some time that the quantum yield of luminescence of chloro- 
phyll in solution is 10-12 times higher than in its natural state in the chloroplasts of 
plant cells (see, for example, communication [l]). The measurements made almost 
simultaneously in three laboratories in 1957 of the duration of the excited state of 
chlorophyll in vivo and in vitro [2-4] showed that this value in chloroplasts is 6-8 times 
less than in solution. While, for example, for a solution of chlorophyll in alcohol 
<= 56 x 10° sec, for chlorophyll in various cells + ranges from 0-6 to 2 x 10~° sec. 

The absence of strict proportionality between the values of the quantum yield (0) 
and the duration of glow (t+) admits of various explanations [4]. However, in any 
event these measurements show that the decrease in the fluorescence yield of chloro- 
phyll in vivo as compared with solutions is due essentially to the fact that throughout 
the period the molecule is in the singlet excited state, the usual pathways of its de-activ- 
ation operating in solution (fluorescence and internal conversion) compete with a new 
pathway specific for the natural state of chlorophyll which ultimately leads to con- 
version of the energy of electron excitation into the energy of chemical bonds of the 
products of photosynthesis. Comparison of the numerical data shows that in normal 
conditions this competition operates in favour of the “photosynthet‘c pathway” of 
deactivation of excited chlorophyll molecules: the probability of this pathway exceeds 
by 10 times the total probability of fluorescence and the exchange of excitation energy 
in thermal motion of the molecule. 

It is thus of interest to find out how the values p and t, characterizing the fluorescence 
of chlorophyll in the chloroplasts, change with change in the state of the photosynthetic 
apparatus which may be brought about either by the action of certainchemical substances — 
inhibitors of photosynthesis — or with change in the physiological conditions of the opera- 
tion of the cell. Such a comparison may help to specify those cases in which fall in 
photosynthetic activity is connected with reduction in the probability of deactivation 
of the excited chlorophyll molecules “by the photosynthetic route” and those in which 
the inhibition of photosynthesis occurs not at the singlet excited level of the chlorophyll 
molecule but at one of the subsequent stages of the photosynthesis process. 

The present paper outlines certain results of an analysis of the factors determining 
the effectiveness of the operation of the photosynthetic apparatus. 


* Biofizika 6: No. 6, 645-649, 1961. 
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METHODS AND MATERIAL 


(1) The photochemical activity of the chloroplasts in the Hill reaction was esti- 
mated from change in the redox potential in a suspension of chloroplasts to which 
the dye, sodium2:6-dichlorphenyl-indophenolate, was added as substance for re- 
duction. To maintain constant temperature during the Hill reaction the mixture of 
reagents was placed in a vessel with a water jacket. Platinum and calomel electrodes 
were inserted into the vessel and the potential difference between them measured with 
a LP-5 valve potentiometer. Illumination was provided by an incandescent lamp (500 W) 
with a water filter to lessen heating and a KS-10 red light filter. Fig. | shows by way 
of example the kinetics of change in the redox potential (E) of the system for unin- 
hibited chloroplasts (curve 1) and on addition to the chloroplast suspension of 30 per 
cent ethanol (complete inhibition of Hill reaction, curve 3). 











1 i 
6 6 t, min 


Fic. 1. Kinetics of changes in redox potential E in Hill reaction in medium without 
inhibitor; 2, same in medium with 15 per cent ethanol; 3, same with 30 per cent 
ethanol. 


Equilibrium between the oxidized and reduced form of the dye was characterized 
by attainment of the final steady value of the potential E. Since this work was not 
concerned with precise quantitative investigation of the kinetics of the Hill reaction, 
the criterion adopted for the relative photochemical activity of the test chloroplasts 
was the ratio of the difference (AE) between the initial and final value of the potential 
E to the initial value of E. The value of this ratio for uninhibited chloroplasts was unity 
and the activity in the intermediate cases a proper fraction (curve 2, Fig. 1). 

(2) The measurements of the duration of the excited state of the chlorophyll mo- 
lecules were made in a phase fluorimeter, the essential idea of which was outlined in 
paper (5). The model of this instrument constructed in our laboratory makes use of 
the principle of coherent change in the frequency of the current of a photomultiplier 
(FEU) by supplying a heterodyne voltage to one of the FEU dinodes (6). 

(3) The measurements of the relative fluorescent yield of chlorophyll were made 
with an integrating sphere. 

(4) The chloroplasts were extracted from the leaves of sugar beet and tobacco 
in the usual way: the leaves were ground in buffer solution pH 6-5, the green mass 
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strained through gauze to remove the coarse debris and centrifuged for 20 min at 
600 g. The centrifugate was suspended in buffer solution and stored at 0°, pH 6:5. 


EXPERIMENTAL RESULTS 


(1) Effect of chemical inhibitors of photosynthesis on the Hill reaction. Fig. 2 shows 
that on addition to the chloroplast suspension of increasing amounts of such substances 
as ethanol, the fall in photochemical activity of the chloroplasts was paralleled by 
increase in the duration and relative luminescent yield of the chlorophyll in these 
specimens. These findings in relation to the intensity of fluorescence confirm the results 
of work [7]. The final values of p and + approximate to those in alcoholic solution of 
chlorophyll. Similar results were also given with acetone and pyridine. Complete 
inhibition and achievement of maximum values or p and t correspond to concentra- 
tions of 30-50 per cent for acetone and 4-6 per cent for pyridine. 
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Fic. 2. Relative yield p/p, (curve a), duration of _ Fic. 3. Relative yield 9/p, (curve a) and duration 

fluorescence + of chlorophyll (curve b) and of fluoresence +t of chlorophyll (curve b) in 

relative value of photochemical activity AE/E, mixtures of water and alcohol as a function of 

(curve c) as a function of inhibitor concentration. alcohol concentration. The same relations apply 

Scale for curve b on ordinate axis on left, for in cases of mixtures of water and acetone and 
curves a and c on axis to right. pyridine. 


Inspection of the results brings out the following feature. At inhibitor concentrations 
completely suppressing the photochemical activity of the chloroplasts, the duration 
of fluorescence and the yield still do not reach the final values and they continue to 
rise rapidly even in the absence of photochemical activity. This indicates that suppres- 
sion of photochemical activity is due not only to lessening of the probability of photo- 
chemical utilization of the energy of the excited singlet state of chlorophyll but perhaps to 
the action of the inhibitor on the enzyme systems of the chloroplasts. 

Further, where inhibition of the photochemical activity of the chloroplasts was 
incomplete the rise in the values of the yield lagged behind those for the duration 
of fluorescence. Increase in the yield in this region was, generally speaking, insignifi- 
cant and in some cases it was even found to fall slightly. These facts indicate the 
presence of associated processes of fluorescence quenching of the first type (according 
to Vavilov), i.e. processes occurring in a time much shorter than the life span of the 
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excited state. Possibly we have here processes similar to those which occur in water- 
alcohol, water-acetone and water-pyridine solutions of chlorophyll. 

In fact, dilution by water of alcoholic, acetone and pyridine chlorophyll solutions 
also led to fall in the fluorescent yield, not accompanied, however, by corresponding 
changes in + (Fig. 3). The invariability of + with decrease in 9 showed that in this case 
we are undoubtedly dealing with quenching of the first type (Vavilov). Quenching, 
in this case, is apparently the result of formation of associated complexes of the chlor- 
ophyll molecules, inactive in relation to absorption of light and leading to instanta- 
neous exchange of the absorbed quantum in thermal motion of the molecule. 

Since all the above inhibitors are detergents it was possible that the rise in the values 
of 9 and + with increase in inhibitor concentration was due not to lessening of the 
probability of deactivation of the excited molecule of chlorophyll “by the photochemical 
route” but to the trivial and quite unimportant phenomenon of “extraction” of chlor- 
ophyll from the chloroplasts and transfer of it into solution. However, comparison 
of the numerical data shows that the phenomenon under study cannot be explained 
by “extraction” of chlorophyll from the chloroplasts. Fig. 3 shows that in a water- 
alcohol solution of chlorophyll at an alcohol concentration of 30-40 per cent, the 
fluorescence was almost completely quenched, whereas Fig. 2 indicates that at the 
same concentration of alcohol in the medium the duration of fluorescence of chlorophyll 
in the chloroplasts reached 60-80 per cent of the maximum value. 
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Fic. 4. Yield of fluorescence of chloroplasts Fic. 5. Change in relative values of yield p/p> 
0/2. (curve a) its duration + and photochemical and photochemical activity AE/E, (curves a and 
activity AE/E, (curve b) with inhibition of latter c) and also duration of fluorescence t on phenyl- 
by glucose. On ordinate axis, to left, scale of urethane treatment of chloroplasts from tobacco 
values of +; on right, scale of relative values of leaves and algae cells. 

yield 9/p9 and photochemical activity AE/E, 


The fact that up to an alcohol concentration of at least 50 per cent, chlorophyll 
was not appreciably taken into solution was also confirmed by special control exper- 
iments in which chloroplast suspensions with alcohol contents of 40 and 50 per cent 
were filtered several times through paper. The intensity of fluorescence of the filtrates 
fell hundreds of times as compared with the fluorescence of the initial suspensions 
while the yield of this fluorescence due to leakage through the filter of a certain amount 
of chloroplasts was unchanged. 
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Rise in the values 9 and + by about 50 per cent for chloroplasts was observed on 
complete inhibition of the Hill reaction by phenylurethane and thymol (Fig. 4, 1). 
A further rise in these values could not be observed because of the poor solubility of 
these substances. When a suspension of the algae Scenedesmus quad. was treated with 
phenylurethane, the values of p and t+ rose 2-3 times (Fig. 5, II). 
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Fic. 6. Change in duration of fluorescence t of chlorophyll during greening of etiolated 
bean leaves. 


Another group of substances—glucose, sucrose, urea—had no effect on the yield 
and duration of fluorescence of chlorophyll even at concentrations completely inhib- 
iting the chloroplasts (Fig. 4). The behaviour of hydroxylamine was much the same 
although in this case t increased slightly. These inhibitors apparently depress the Hill 
reaction at the stages of photosynthesis following the singlet excited state and do not 
influence the probability of primary photochemical deactivation of chlorophyll. 

(2) Changes in ~ during greening of etiolated leaves. Etiolated bean leaves were 
continuously illuminated with an ordinary incandescent lamp for 6 hr at room temper- 
ature. Throughout, at definite time intervals, the duration of fluorescence of chlorophyll 
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Fic. 7. Change in relative yield ¢/o, and duration of fluorescence t/t) of chlorophyll 
in tobacco leaves during induction period (curve a). Curve b indicates change in 
photosynthetic activity (absorption of CO,) from results of work [12]. 
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in the bean leaves was measured. As Fig. 6 shows, illumination produced a gradual 
fall in + indicating an increase in the probability of conversion of the light energy 
absorbed by chlorophyll into chemical energy. These findings are in agreement with 
the results of electron microscopic investigations [8, 9] suggesting that the formation 
of the lamellar structure and grains of chloroplasts occurs in parallel with synthesis 
of chlorophyll and rise in photosynthetic activity [10, 11]. Our laboratory is continuing 
study of these phenomena. 

(3) Change in ~ during induction of photosynthesis. Fig. 7, curve b represents the 
course of the photosynthetic activity (absorption of CO,) during induction (see Fig. 71, 
[12]). Curve a in the same figure depicts the results of measurement of the relative val- 
ues of yield and duration of fluorescence of sugar beet leaves during the induction 
period. Comparison of the curves suggests that adaptation of the photosynthetic 
apparatus to a light regime is accompanied by an increased probability of photochemical 
utilization of the energy of the singlet excited states of chlorophyll. 
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THE essential features of certain aspects of the mechanism of muscular contraction 
have now been elucidated by various methods of investigation and general conclu 
sions can be drawn from these results. We know the source of energy of muscular- 
contraction, the sequence of the chemical processes and the structures which may 
act as the “driver” for contraction, etc., however, knowledge is still lacking on the 
particular mechanism for rearranging structures at intra- and intermolecular levels 
ensure contraction of the muscle. It is not clear how the energy is transmitted from 
adenosine triphosphate (ATP)—the source of the energy for contraction of mus- 
cles—to the moving system of the muscle; the molecular causes of the existence of 
different types of muscular contraction are not clear [I]. 

X-ray analysis may be used to solve some of these problems. The use of this method 
is made difficult not merely by its technical complexity, but by the impossibility of 
satisfactorily interpreting X-ray diffraction patterns that are very deficient in reflexions 
(Fig. 1). We have already explored the possibilities of interpreting wide-angle X-ray 
diffraction patterns for proteins of the «-class, which includes certain basic muscle 
proteins, and muscles as a whole [2]. 


Fic. 1. Diagram of diffraction patterns of muscle at rest, living a and dried b. 


Living muscles like wet proteins (i.e. proteins closest to their state in the 
organism) give very poor diffraction patterns. Diffraction patterns of living 
or wet muscle show meridional arcs at 5-1 A characteristic of orientated myosin threads, 
a set of meridional lines due to orientated actin, an equatorial line passing through 
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the centre of the pattern and the halo of water. From the diffraction patterns of moist 
muscle and proteins it is impossible to judge the structure and state of a substantial 
part of the protein, this is detected only on inspection of the diffraction patterns of 
dried samples. 

It directly follows from the diffraction patterns for dried proteins that they have 
at least two phases—an orientated phase corresponding to the a-helical configuration 
of protein chains and a “less ordered” non-orientated phase represented in the diffraction 
pattern by “packing” reflexions at 4-6 and 9-8 A. In moist proteins the reflexions of 
the non-orientated phase, as we have already said, are absent as a result of the moving 
apart of the protein chains in water with disturbance in the conditions of interference 
of the X-rays. In protein solutions this non-orientated phase corresponds to the “random 
coiled” state detected in optical investigations of the rotation of the plane of pola- 
rization (3). 

An interesting aspect of the non-orientated phase is its statistical “rigidity”: with 
a very high degree of orientation of the samples, and also in certain forms of severe 
denaturation, reflexions of the non-orientated phase persist in the diffraction patterns 
together with the appearance of reflexions suggestive of rearrangements in the substance 
[2]. It is very likely that the substance of the non-orientated phase exposed to such 
effects nevertheless undergoes changes that do not alter the corresponding “statistical” 
reflexions of the diffraction pattern. Of interest is the actual presence in «-proteins 
of polypeptide chains, or parts of them, which in the long run remain without orien- 
tation or which cannot on denaturation bring about “coalescence of the skeleton”. 


Apparently, the formation of a parallel state and contact of these polypeptide chains 
in the non-orientated phase is hindered by steric factors or the presence of fairly firm 
covalent bonds between sections of the chains. 


The presence of valence bonds between the various parts of the protein molecule 
giving it definite rigidity and distinctive curves of the protein chains in the three dimen- 
sional skeleton was discovered as a result of the complete X-ray structural analysis for 
crystalline myoglobin [4]. There are no grounds for claiming that in other proteins, 
even in fibrous ones, there may not be a three-dimensional (in the same sense) disposi- 
tion of the polypeptide chains. 

Various physicochemical methods have shown the presence in proteins, including 
muscle proteins, of structural subunits [5, 6]; in interpreting the X-ray findings this 
factor must be reckoned with. The findings of the presence of a non-orientated phase 
in orientated «-proteins justify the assumption that the structural units of «-proteins 
are three-dimensional like the myoglobin molecule and may contain both linear parts 
of the «-helical configuration and three-dimensionally bent chains with the separate 
parts of the chain retaining the ability to change position relative in space to other 
parts of the molecular (in the absence in these parts of intramolecular H bonds) through 
rotational isomerism [7] while others are rigidly held by valence bonds, for example, 
by sulphur or ester bridges between side groups of the corresponding amino acids. 
Such a model of the «-protein structure may explain the existence in the diffraction 
pattern of reflexions of two types (isotropic and anisotropic) and is suitable for consi- 
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deration of the special changes in the diffraction patterns when the samples are acted 
on by various agents [2]. 

Further, for a number of proteins a strict pattern has been demonstrated in the 
sequence of amino acids [8] essential to their functions; it is difficult to see how muscle 
fibres performing complex functions could be constructed with less specificity. Therefore, 
the concepts of the three-dimensional structure of muscle proteins justified by X-ray 
investigations must in our view be amplified by the following: the smallest structural 
units must apparently be the subunits detected by physicochemical methods on destruc- 
tion of non-valence bonds in proteins; in the protein there may also be subunits of dif- 
ferent types (like the four forms of protomyosin in L-meromyosin [6]); within such 
a subunit the skeletons of the chains of the given protein must given conditions form 
a definite three-dimensional structure depending on the surroundings. This is firstly 
the result of the regular sequence of amino acids in the chain. The relevant configuration 
is determined by the competition of the intramolecular interaction (between the various 
parts of the protein chain) and the interaction of the protein and the medium [9, 10]; 
this configuration is by no means arbitrary and corresponds to a structural order 
which cannot be accomodated by the classical concepts of crystallography. The terms 
“random coiled” state or “less ordered” phase may therefore be used only in a nomi- 
nal sense. 

In discussing current concepts of the structural rearrangement during muscular 
contraction, we consider it desirable to take as our basis the concept of the structure 
of muscle proteins as a regularly organized entity of subunits, not always identical, 
but having for us just as strict and distinctive an internal order as the structure of 
the myoglobin molecule unravelled by Kendrew and possessing features specific for 
the given protein. The possibility of changes in structure in relation to different 
factors must also be borne in mind. 

Figure 2 diagrammatically represents our models of the arrangements of the poly- 
peptide chains in proteins both in the normal «-state and in the 6-form. These’ models 
teflect only the basic features of the structure: the presence of a-helices, an unordered 
phase and valence or hydrogen bonds. Astbury [11] proposes a similar model taking 
into account the presence of random polypeptide chains to describe the structure of 
globular proteins (Fig. 2H). According to our ideas reflected in the schemes of Fig. 2, 
the irregular phase is an essential component of each of the structural forms of the 
proteins of the kmef group. 

It is still difficult to point to a structural model of muscular contraction infinitely 
superior to all the rest. The structural models discussed in the current literature can 
be formally divided into the following classes in accordance with the level of the struc- 
ture at which their authors postulate the most important rearrangements: (1) models 
in which contraction of the muscle fibres results from the formation of intramolecular 
folds or helices via change in the interaction of protein and the external medium [5]; 
(2) models in which the structural rearrangements consists in regroupings of subunits 
[6]; and (3) those in which displacement of the structures of a submolecular 
order without intramolecular conversions may be assumed [12] or the intramole- 
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Fic. 2. Probable scheme of part of structure of proteins of kmef group in different states. a, disorien- 

tated «-form; b, orientated «-form; c, reversible parallel 8-form; d, irreversible parallel 6-form; e, tran- 

from orientated « to disorientated § (initial stage of denaturation); f, disorientated 

8-form, g; <8 form; h, globular protein, after Astbury [11]. Broken lines, hydrogen bonds; conti- 
nuous ones to valence bonds. 
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Possibilities of appraising certain models of muscular contraction 733 


cular changes are of subsidiary importance [13]. Some modern models are based on 
results of X-ray analysis. We consider it necessary to discuss these first. 

The basic postulate of Astbury’s model [14] is that muscular contraction is the 
result of the appearance in myosin of properties of super-contraction that are common 
to all the proteins of the «-group, as a result of the ability of their polypeptide chains to 
form folds. Astbury believes that the formation of cross-folds in the protein substance, 
myosin, of the type depicted in Fig. 3 [15] also leads to shortening and contraction 
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Fic. 3. Diffraction pattern of dry protein in <8 form and diagram of the arrange- 
ment of the skeleton of the protein polypeptide chains in x6 state, after Rudall 
[15]. Axis of protein fibre horizontal. 














of the proteinous fibre. It is interesting that wide-angle diffraction patterns (correspond- 
ing to the intramolecular region of structural characteristics) contain the same refle- 
xions both for muscle of normal length, that stretched to one and a half times its normal 
length and for contracted muscle, i.e. show no appreciable differences in the config- 
uration of the protein chain of these samples. Initially, Astbury assumed that the fold- 
ing occurs in that part of the structure not giving definite reflexions in the diffraction 
patterns [14]. It is hard to quarrel with this inference; the only point to note is that 
if folding occurred throughout the less-ordered part of the protein structure and was 
regular and considerable in terms of shifts in the individual structural elements new 
reflexions should make their appearance. If new reflexions are not visible then the 
intramolecular rearrangements are either irregular or insignificant or embrace only 
a comparatively small part of the protein structure. Such changes may already be ex- 
pressed in a minor redistribution of intensities in wide-angle diffraction patterns. 

At the same time Astbury reported that although there were no new reflexions 
in the diffraction patterns of contracted muscles and actomyosin threads, the patterns 
of these samples in a state of supercontraction (in his work, after heat denaturation) 
show a new reflexion—a meridional one at 4-65 A. 4-65 A is spacing of the dense Van 
der Waal’s packing of the polypeptide chains in the direction of their skeletons. If this 
period is observed at the equator of the pattern it is related to the dense packing of the 
polypeptide chains parallel to the axis of the sample in the direction of contact of their 
skeletons [16]; the meridional position of this reflexion is correspondingly related 
to the position of the polypeptide chains in long folds across the fibre [15] and the 
corresponding diffraction is known as the transverse or cross $ diffraction pattern 
(x 6 diffraction pattern). 
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In subsequent years this reflexion at 4.65 A was detected in the diffraction patterns 
of bacterial flagella not specially treated to induce super-contraction [17] and in patterns 
of films of actomyosin gel dried in a state of partial syneresis (18). Astbury interpreted 
these facts as indicating that the folding depicted in Fig. 3 is also possible in physio- 
logical conditions and is directly related to muscular contraction [19]. 

In a previous paper [2] we concluded that the x8 form of proteins is a variant 
of the denatured state of the specimens; the best diffraction patterns for the x 8 form 
are obtained for proteins stretched following the action of water at temperatures above 
60°—when heat denaturation occurs and, particularly it must be considered that the 
x8 state is not reversible without the use of suitable and fairly potent reagents [15]. 
Since there are no such reagents in living muscle and hence no possibility of x8 — « 
transition in living muscle, we consider that the x§ state should not be related to 
a particular physiological state of the muscle. We consider that one cannot without 
further analysis dismiss the possibility of the appearance of the x8 form in the sam- 
ples given, by Astbury as a result, of denaturation during preparation of the specimens. 

Bacterial flagella are of interest in that the movement of the bacteria is mediated 
by wave-like changes in shape: Astbury calls it “monomolecular muscle”. The dif- 
fraction pattern for the flagella and the protein flagellin isolated from them is of the 
a-type with traces of the x8 form. Astbury here interprets the set of « and x§ refle- 
xions in the diffraction pattern as the result of the existence in some parts of the fla- 
gella of a state of rest (« form) with contraction (x8 form) in others [17]. 

The procedure for isolating flagella is as follows: the bacterial suspension is agitated 
for a certain time to separate the flagella from the body of the bacteria and they are 
then separated out by centrifugation and ultra-centrifugation. We would note that in 
principle the agitation is sufficient to lead to changes in the substance of the flagella 
and to partial denaturation through interface effects. Nor is it known how the flagel- 
lin is affected by ultra-centrifugation: after all the native structure of flagellin is fairly 
unstable and variable — the reflexion at 4-65 A is appreciably intensified even after 
mild pressing of moist films of flagellin [17]. Preparation and orientation of protein 
films may also be the cause of denaturation in certain cases. 

Thus, it is quite likely that the characteristic reflexion of the x8 form at 4-65 A 
is in the case of flagella connected not with contraction of protein but with denaturation. 

The characteristic reflexion of the x8 form is also seen in the diffraction patterns 
of dried orientated actomyosin films in a state of partial syneresis |18]. As films of 
actomyosin in a state of syneresis are fragile and do not lend themselves to orientation, 
the sample was prepared from actomyosin gel to which ATP was added and imme- 
diately washed off. Such a gel is partially contracted and at the same time can be orien- 
tated. Merely from the external appearance of the film dried from a gel in a state of 
syneresis one may conclude that the protein is here in an abnormal state. Compared 
with a film of ordinary actomyosin, obtained from the same actomyosin in a state 
of syneresis it is opaque and its mechanical properties differ in that it is very fragile. 
Since in a sample of “washed” gel contraction (syneresis) is partly maintained then 
apparently, the state of the protein also differs from normal. It is possible that stretching 
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of slightly moistened films which is insufficient to produce denaturation in normal 
actomyosin does so in this state. 

We found that for the frog sartorius muscle the capacity of the muscle protein for 
denaturation was dependent on the state of the sample. 


Fic. 4. Diffraction patterns of muscles (dried in state of contracture caused by repeat 
electrical stimulation). a, in free state when stimulated; b, secured at the resting 
length. 


It is known that when a muscle is stretched to one and a half times its length, its 
a-diffraction pattern undergoes no change. We also observed an «-pattern only some- 
what disorientated (see Fig. 4a) for muscle in a state of contracture as a result of 
repeated stimulation with an electric current (the muscle during stimulation was not 
secured ; at the end of stimulation it was fixed in glycerol). However, when the contracted 
muscle (not yet treated with glycerol) was stretched to the resting length or it the muscle 


was stimulated when secured at the resting length or longer its structure changed rad- 
ically: the diffraction patterns showed the co-existence of « and disorientated 8 forms. 
(Fig. 4b). That is denaturation was induced by stretching not suffcient to impair the 
resting muscle. We assume this to be connected with a special state of proteins in 
contraction and that such a phenomenon also occurred during preparation by Pautard 
of orientated films of actomyosin in a state of “partial syneresis” [17]. 

Thus, we consider that the x8 form cannot be observed in undamaged muscle 
although we would stress that Pautard’s experiment with actomyosin in a state of 
partial syneresis suggests molecular changes in structure on syneresis reflected in in- 
creased proneness of the proteins to denaturation and the appearance of a “pre-de- 
naturation” state. In Pautard’s experiment there were distinctive signs of a new state 
of molecular structure arising in protein on syneresis but elusive to X-ray analysis. 

The appearance of a special state of proteins on syneresis has already been noted; 
as has its similarity to denaturation [20]. This was recently confirmed by studies of 
sorption of dyes by actomyosin [21]. 

That there is a certain analogy between the structural changes in actomyosin 
when treated with ATP and those changes which correspond to a certain degree of 
denaturation is suggested by the following observations by Pautard [22]; it is known 
that the reaction of ATP with actomyosin entails some acidification [23]. Studying the 
diffraction patterns of actomyosin in relation to the degree of acidification and the 
duration of treatment, Pautard found that with a progressive increase in the length 
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of treatment the intensity of the meridional reflexion in the diffraction patterns at 
4-65 A increased, i.e. from our interpretation the irreversible structural changes in 
the sample became more profound. Possibly the minor changes in pH which occur 
in physiological conditions on contraction take the muscle into a state similar to de- 
naturation but reversible. 

Pautard supposes that brief change in the number of H* ions in the system plays 
a réle in the modification of molecular structure of the muscles on contraction [22]. 
In fact, change in the folding of protein may result from reorganization of H bonds. 
However, folding of this type, illustrated in Fig. 3, cannot be attributed to a state of 
contraction [19]; this scheme is derived from observations on the meridional reflexion 
at 4-65 A which corresponds not to a state of contraction but of irreversible denaturation 
arising from it on subsequent treatment. 

We would also note that in recent X-ray work on the action of ATP on samples 
of rabbit muscle [24] a meridional reflexion at 4-65 A was not observed for moist 
samples. The changes in the patterns with0-00375 M A7Psolution consisted in disorienta- 
tion of the anisotropic reflexions of the diffraction patterns. Astbury observed in 
the diffraction patterns of moist actomyosin gels after syneresis [25] only certain char- 
acteristic changes in the radial distribution of intensity. 

All these results while not concurring in detail do however show that on muscular 
contraction changes are to be expected in the structure at molecular level. 


But these changes are not great. Lemazhikhin and Frank [26] using the ionization 


measuring technique showed that the differences in the intensity of the individual 
reflexions in the diffraction pattern of living contracted muscle as compared with 
resting muscle are only of the order of 2-3 per cent in the equatorial direction and are 
not seen in the meridional one. Fig. 5 presents our diffraction patterns for dry samples 
of muscle frozen in two different functional states (at rest and contracted) and dried 


Fic. 5. Diffraction patterns of dry muscles. a, at rest; b, in state of isometric contrac- 
tion. 


without defreezing. There are no visible differences with the exception of a small 
increase in disorientation for contracted muscle. These findings support the view 
that molecular changes alone cannot explain the rearrangements in the muscle on 
contraction. Possibly they play the réle of a trigger mechanism for rearrangements 
at other structural levels. 
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We shall now examine another model of muscular contraction also partly based 
on X-ray findings. This is the sliding model of Huxley [12] for which the invariability 
of the molecular structure of the muscles on contraction is postulated. The authors 
consider that the contraction results from reciprocal sliding in and out of sets of protein 
threads of about 40 and 110A thick. 


The facts forming the basis of this model are that during electron microscopy of 
cross-sections of striated muscles one can see in the region of the A bands two super- 
posed systems of threads of diameter 40 and 110 A. Separate extraction from muscle 
fibres of actin and myosin with subsequent inspection in the electron microscope [27] 
provided the grounds for believing the thin threads to be of actin and the thick ones of 
myosin and for defining their array in the sarcomere as follows (Fig. 6): the myosin 


























































































































Fic. 6. Diagrammatic representation of changes occurring according to Huxley’s model in muscle 

fibre on contraction. a, sliding of protein threads in sarcomere; b, scheme of rearrangement of sarcomere 

observed in electromicrographs; c, scheme of redistribution of intensities of reflexions in low-angle 
diffraction patterns (on left in resting state, on right, during contraction). 


threads are contained in the A bands of the sarcomere, the actin threads in the J band 
and in part of the A band so that in the middle of the A band there is a gap which for 
rabbit resting muscle is about 0-3 u. In electron microscopic investigations this “gap” 
at the centre of the A band increases for stretched samples proportionally to the 
elongation and diminishes for those-contracting within physiological limits, with 
retention of the length of the A band [12], or what is the same thing retention of the 
length of the myosin threads. Since on change in the length of the J band and hence 
length of the entire sarcomere (sum of A and J bands) no changes are noted in the 
length of the actin and myosin threads these workers assumed that mutual penetration 
of the systems of non-contracting actin and myosin threads occurs on contraction of 
muscle and it is precisely this which leads to shortening or lengthening of the muscle 
fibre and the whole muscle. 

Electron microscopic investigations as is known are made with fixed and dehydrated 
muscle preparations. Therefore, the conclusions drawn from electron microscopy would 
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be more reliable if they could be confirmed by results of vital investigations of the 
same samples. Huxley, in trying to confirm his model, resorted to low-angle X-ray 
analysis which provides information at the same structural levels as electron micro- 
scopy. He obtained low-angle diffraction patterns of moist and living muscle for di- 
rections coinciding with the axis of the fibre (meridional patterns) and perpendicular 
to the axis (equatorial patterns) [28]. It was found that the geometry of the meridional 
patterns does not change either on stretching moist muscle (up to 140 per cent of its 
original length) or on extraction of ATP. The authors’ explanation of this is that in 
these processes in muscle there are no changes in macromolecular structure about 
the axis of the fibre. They also compared the equatorial patterns of uncontracted living 
and glycerinated muscle (i.e. muscles with ATP removed). The diffraction pattern 
of the living muscle shows an intense period of 450 A and a less intense on of 225 A 
(Fig. 6). The diffraction pattern obtained by Huxley for glycerinated muscle clearly 
shows inversion of the intensity of these two reflexions, the reflexion at 225 A was 
more intense. This redistribution in intensities corresponds to structural changes 
in the material there is an increase in the contents of the zones with a distance between 
the structural units of 225 A and reduction in the contents of the structure for which 
the corresponding distance is 450 A. This corresponds to moving out of the set of actin 
threads between the myosin ones whereby the spacing between adjacent threads is 
halved and the authors of the sliding model consider this as evidence of the validity 
of their model. However, the first point to note is that on glycerination of muscles 
at rest their length is not shortened and microscopists do not observe associated changes 
in the size of the J band or of the entire sarcomere. Hence, in this case there can be 
no moving in of the threads nor any changes in the ratio of the intensities of the first 
two reflexions of the equatorial pattern. Thus, if anything this X-ray confirmation of 
the sliding model casts doubt on it. 

Recently, however, information has appeared in the work of Elliot, Lowy and 
Worthington [29] whose results indicate that the equatorial patterns of living and 
glycerinated muscles are identical and that inversion of the intensities of the two main 
low-angle equatorial reflexions does not occur as a result of treatment with glycerol. 
Moreover, these workers found that for an increase in the length of the muscles relative 
to the resting length the intensity of the 450 A reflexion increases and the intensity of 
the second reflexion decreases but on reduction in length relative to the resting state 
the reverse picture is seen. This may be explained according to the sliding model by 
the interdigitation of one set of threads relative to the other since in the areas where 
both sets are superposed the interthread spacing is halved. 


Some of the results of Elliot et ai. [29] are unexpected: it is incomprehensible why 
the equatorial reflexions vanish in dead muscle (if this is not decomposed tissue) and 
why in the particular case of the frog muscle the authors saw both reflexions only in 
the diffraction pattern of the glycerinated muscle while in living muscle at rest only the 
larger one was seen, the second appearing only for contracted muscles. Errois are 
also possible in determining the physiological state of the muscles investigated and it 
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is also possible that the mechanism of contraction does not correspond to a simple 
sliding scheme. 

A further point to note with respect to the sliding model is that Huxley’s conclusion 
that the intra- and intermolecular structure of actin and myosin does not change along 
the axis of the fibre on contraction does not follow from his findings; he did not obtain 
a diffraction pattern of living contracted muscle. The invariability of the meridional 
pattern of muscles on stretching and after extraction of AJP only indicates that in 
these processes the structure of actin does not change about the axis since the discrete 
meridional reflexions in the muscle diffraction patterns belong only to actin. Hence, 
it cannot be contended from Huxley’s X-ray findings that the axial structure of myosin 
remains unchanged even in these processes and still less on contraction. 


There are still many unresolved problems and discrepancies in the sliding model 
concept of muscluar contraction [1, 30]: the localization of the actin and myosin in 
the sarcomere as proposed by Huxley is not certain; it is not clear which structural 
mechanism forces the actin threads to move in one direction on contraction and the 
other on relaxation of the muscle; the rate of contraction of the muscles has not been 
explained; certain thermodynamic relations have not been explained and it is incom- 
prehensible why tension of the muscle fibres develops when lengthened about double 
the resting length if overlapping of the sets of undeformed threads ought to cease 
when the muscle is lengthened 1-4 times. 


Various improvements in the sliding model have been given by some of its modi- 
fications [13, 31]. Of interest in this respect is the model of Podolsky [13] which by 
assuming, in particular, contraction of the threads of one of the sets while the others 
remain unchanged, removes certain thermodynamic difficulties. However, the results 
of certain comparisons by Morales which lead one to conclude that the contracting 
threads in Podolsky’s model must be actin threads, require proof. Myosin would appear 
to be more variable than actin the axial structure of which in the muscle does not change 
either on stretching the muscles or on extraction of ATP [28]. However, without further 
observations one cannot assume that the Podolsky-Morales scheme nor the scheme 
in paper [31] are erroneous. 

It is possible that of definite importance in the realization of muscular contraction 
is regrouping of the subunits of the contractile proteins, by the globular-fibrous 
transition in actin [30] or regroupings of protomyosins in the sense of the proposals 
of Szent-Gyérgyi [30] (Fig. 7). There are still no X-ray findings confirming or rejecting 
these schemes. 

In conclusion, the following observation may be made with regard to the results 
of X-ray evaluation of the structural models of muscular contraction: it may be taken 
as proven that both in muscle and in isolated actomyosin changes occur in structure 
at molecular level depending on their state and the external factors. In themselves 
these changes are apparently not too radical and rather may serve as a key for starting 
the rearrangement of muscular structure at higher levels. Acceptance of the possibility 
of a sliding mechanism is compatible with this conclusion. In fact, we cannot exclude 
the possibility of the co-existence of movement of whole protein threads and their 
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intramolecular rearrangement depending on the state of the specimen. On the other 
hand, changes in the chemical structure of the protein threads may explain their ability 
to achieve a definite arrangement in the structure depending on the state of the muscle. 
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Fic. 7. Scheme of regrouping of protomyosins [32]. a, molecular myosin at rest; 
b, on contraction. 


X-ray information on muscle structure in different physiological states is still not 
sufficient to draw more definite conclusions on the mechanism of muscular contraction. 


SUMMARY 


We have reviewed models of muscular contraction in the evaluation of which one 
may utilize X-ray findings. In particular we have examined in the greatest detail Ast- 
bury’s model of rearrangement by molecular folding and Huxley’s sliding thread model. 
The possibility has been considered of schematically representing the molecular structure 
of proteins as a totality of varied subunits regularly organized through non-valence 
bonds; the subunits are assumed to be three-dimensional formations which may con- 
tain both regions of polypeptide chains in the «-helical configuration and bent chains 
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some of which are capable of displacements when exposed to various factors. It has 
been shown from analysis of the published findings and some of our own experiments 
that in actomyosin on syneresis and in muscle on contraction changes occur in molecular 
structure which are not accompanied by the appearance of new reflexions in the diffrac- 
tion patterns and are detected by the increased ability of the sample to go over into 
the xf state on further treatment. These changes cannot be considerable and their 
presence is not inconsistent with the possibility of muscular contraction through dis- 
placements in structures of a higher order. As against this, it may be supposed that the 
intramolecular changes in structure noted may be the key to realization of macro- 
molecular or submicroscopic rearrangements in muscle fibre on contraction. 
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THE process of contraction of muscle tissue is one of the most interesting puzzles of 
animate nature. Despite many years of intensive research the nature of this process 
remains unclear and continues to exercise the mind of a large group of physiologists, 
biochemists, biophysicists and morphologists. 

As far back as the time of Merkel [1] and Engelman [2] it was remarked that contrac- 
tion of striated muscle fibre is invariably connected with changes in the size and 
structure of the sarcomeres. The structure of the sarcomeres has been repeatedly de- 
scribed in detail in the literature. Subtle changes in their structure during contraction 
of muscle fibres have also been described ({3-9] and many others). Several hypothetical 
schemes of muscular contraction have been proposed [4, 7, 8, 10]. Common (for the 
morphological part) to nearly all these hypotheses (from Hodge’s and Huxley’s) groups 
is acceptance of a widely distributed scheme of changes in the structure of the sarco- 
mere during isotonic contraction. This scheme may be expressed by three basic stages: 
(1) shortening of the isotropic and H-bands; (2) general clarification of the sarcomere; 
and (3) “disappearance” of all bands and formation of “contraction bands” in the 
region of the Z-band. 

This scheme is based on the findings of phase contrast, polarization and electron 
microscopy obtained in living and fixed specimens. The most objective results in the 
study of the dynamics of any process can undoubtedly be obtained only for living 
specimens. However, the light microscope owing to its low resolving power could not 
give detailed information on the change in the fine structure of myofibrils during their 
contraction. Electron microscopy, opening up the ultrafine detail of the various struc- 
tures of muscle fibre, has a number of drawbacks: the whole work is done on fixed 
specimens and the size of the specimen is limited to a very small visual field and a small 
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area of the ultra-fine sections (about 1 mm? and usually much less). Comparison of 
the findings for living specimens (light microscopy) with the results of electron micro- 
scopy suggests that at least most of the patterns of contraction of myofibrils observed 
in the electron microscope more or less accurately reflect the vital state of tissue. The 
most limiting factor in studying the course of such a complex process as contraction 
of muscle tissue is the second shortcoming—restricted field of vision. It is known that 
any tissue is very inhomogenous in the size of its various structures, in this case sarco- 
meres ({11] and others). Moreover, if the pictures of the separate stages of contraction 
are taken from different sections it is not completely certain that all these sections 
have been absolutely identically treated in preparing them (compression during cutting 
subsequent straightening out, etc.). Thus, the findings obtained for different preparations 
are comparable only to a very limited degree. 

In studying changes in structure of sarcomeres during contraction the investigator, 
having at his disposal pictures observed in a definite series, in the various preparations 
cannot be fully certain that the location of a given stage in this sequence has been 
correctly established. In order to construct a scheme which would accurately reflect 
the sequence of the separate stages the whole of this series of transitions would have 
to be seen in one preparation in one visual field. However, it is usually not possible 
to detect all stages (from the uncontracted sarcomere to strong contraction with forma- 
tion of “contraction bands”) in one visual field since extensive parts of a given muscle 
fibre (if not the fibre taken as a whole) are in the same phase of contraction. 

In the present investigation we were able to obtain all the stages of contraction 
of sarcomeres in a relatively small area of the same muscle fibre. The muscle fibre was 
stimulated with a thin insect needle. It was found that this action, producing in 
general local damage of the muscle fibre, is the cause of local contraction of the myo- 
fibrils. It turned out that those myofibrils further away from the site of stimulation are 
in a less contracted state and conversely, those closer to the site of stimulation are very 
strongly contracted. Between these extremes were myofibrils in which the whole series 
of consecutive intermediate stages of contraction could be seen. There is every reason 
to believe that the pictures of contraction observed by us were not the result of patho- 
logical changes from using such relatively strong stimulation as puncture of the muscle 
fibre, since even the extreme stages of contraction (clear sarcomeres confined to the 
“contraction bands”) encountered in the zones close to the site of stimulation have 
been described in the literature as reversible physiological stages of contraction. It is 
not the purpose of the present communication to describe the regions of muscle fibre 
still closer to the site of stimulation and thus subject to irreversible change, an aspect 
which will be described later. 


MATERIAL AND METHODS 


The experiments were carried out on the muscle flexor tibiae primordialis of the axolotl. 
Stimulation was carried out on the spinal animal by pricking the muscle with a thin 
insect needle. The material was fixed in buffered 1 per cent solution of OsO, directly 
after stimulation. Subsequent preparation was by the method previously described 
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by us [12]. The sections were prepared with a Sitte ultramicrotome (Messrs. Reichert); 
the greater part of the sections was additionally contrasted with lead hydroxide by the 
method of Watson [13]. The preparations were inspected in UEM-100 type electron 
microscope with an accelerating voltage of 60 kV. 


DESCRIPTION OF OUR OBSERVATIONS 


The electron microphotograph (Fig. 1) shows a section of the muscle fibre on 
contraction in which the whole series of successive changes in the structure of the sar- 
comeres can be seen. The myofibrils visible in the upper part of the photograph are 
the least contracted state and in the lower one the most contracted. 

The direction of the process (top to bottom) is not open to doubt in view of the 
regular shortening of the sarcomeres of the myofibrils arranged one after the other. 
We nominally divide the whole process into several stages, one gradually passing 
into the other, although in their “final” expression each stage is characterized by the 
structure specific only to it. 

First stage (1 in Fig. 2; M1 in Figs. 1 and 3(1)). The myofibrils in the upper part 
of the preparation (M1), judging by the ratio of the length of the J-band to that of 
the sarcomere, are in the so-called “resting state” while the length of the sarcomere 
(in the axolotl 1-9-2-2 u) is at the “resting length’. As “resting length” we took the 
length of sarcomeres in which ratio 7:S = 30:35 per cent, i.e. the same ratio as in 
sarcomeres described by Hanson and Huxley [14] at “resting length”. Bright isotropic 
and dark anisotropic disks can be clearly seen. The H-band is considerably constricted 
(~ 20 per cent of the length of the sarcomere), i.e. the actin threads at this stage have 
moved in between the myosin threads over a fairly large distance [7]. At the middle 
of the H-band the M-band can be determined. On both sides of this band we see narrow 
(~ 320 A) “halves” of the H-sub-band brighter than the H-band [11] (Fig. 3, 1). In the 
less contracted sarcomeres the H-sub-bands are more clearly visible. The Z-band has 
distinct contours and stands out sharply against a background of bright J-bands 

The boundaries between the isotropic and anisotropic bands are sharply delineated. 
Within the myofibrils between the loosely located threads of the /-band are dark gran- 
ules with a diameter of 250-350 A well distinguishable on additional contrast of the 
sections with lead hydroxide. We still cannot say whether all these granules are RNP 
particles; it is quite possible that at least some of them are glycogen containing forma- 
tions [13]. The secondary transverse striation (“bridges”) with a period of about 350 A 
is most conspicuous in the anisotropic band. In the /-band the “bridges” are less dis- 
tinctly visible. 

Second stage (2 in Fig. 2; M2 in Figs. 1 and 3 (1)). Going from top to bottom in 
the preparation (Fig. 1) one can observe how the size of the J/-band decreases gradually 
with decrease in the length of the sarcomere (up to 90 per cent taking the “resting 
length” as 100 per cent). The size of the A-band also diminishes but very slightly (by ~ 2 
per cent). The width of the H-band rapidly diminishes and reaches a minimum size 
at about 1300 A and does not change during all the succeeding stages of contraction. 
The H-sub-band becomes indistinct and finally ceases to be distinguishable against the 
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Fic. 1. Part of muscle fibre of axolotl in which all stages of contraction are represented. M1, first stage 
of contraction (“resting length”); M 2, second stage; M 3, third stage; M 4a, b, c, fourth stage; M 5, 
fifth stage. Magnification x 5600. 
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background of the narrowing H-bands. Thus, the H-band narrowed to 1300 A takes 
the place of the H-sub-band. 

The M-band becomes more distinct than in the first stage. From our preparations 
it may be assumed that this band is a continuous series of thickenings located in the 
central parts of the myosin threads. 

The actin threads, or to be more precise, their parts which are located in the J-band 
and which in the preceding stage were very bent, become even more coiled, especially in 
the zone directly adjacent to the Z-band (Fig. 3, 1). In this zone between the proto- 
fibrils a certain homogenous substance of fairly considerable electron density starts to 
concentrate. 

The boundary between the A-and /-bands being rectilinear and quite distinct in the 
first stage becomes more bent and diffuse, which considerably complicates conditions 
for measuring the individual disks. The indistinctness of this boundary in strongly 
contracted sarcomeres is interpreted by Sjéstrand [11] as being due to formation of a 
“transitional zone” in which the protofibrils are gradually thinned in the direction 
from the A-to the /- band. 

Third stage (3 in Fig. 2; M3 in Figs. 1 and 3(2)). The sarcomeres in this stage 
are even more contracted (up to ~ 80 per cent of the “resting length”) and have very 
characteristic structure: the anisotropic disks considerably brighten; the isotropic 
disks which have shrunk to narrow bands along the Z lines in contrast become much 
darker so that the densities of the J-and A-bands are equal: at low magnifications it 
becomes impossible to differentiate these bands. It would appear that the decline in 
the density of the A-bands is the result of thinning of the myosin threads. Increase 
in the density of the J-band may apparently be due to the fact that actin threads, be- 
coming even more convoluted, are “packed” more densely in the residue of the J-band; 
the H-band (or residue of the H-sub-band) remains the same as in the preceding stage 
(1300 A). The M-band also does not change. 

Fourth stage (4a, b and c in Fig. 2; M4, a, b and c in Figs. | and 3(3, 4, 5)). 
In this stage extremely interesting changes occur in the sarcomere structure. With 
further brightening of the zone containing the anisotropic band, namely at its centre, 
two dark lines appear on both sides of the M-band (Fig. 3 (3)). The bright interval 
between them (1300 A) corresponds to the narrowed H-band of the preceding stage. 
The width of these lines is the same as for the M-band, i.e. 600-650 A and is somewhat 
less dense than the M-band. It is characteristic that as soon as the bands appear 
they show secondary periodicity corresponding to that in remainder of the sarcomere 
(~ 350 A). 

In the residue of the isotropic bands the homogenous substance continues to accu- 
mulate and the protofibrils become even more bent. The result is that the entire region 
comprising the Z-band and the adjacent parts of the isotropic bands of two adjacent 
sarcomeres become structurally extraordinarily like the intercalary bands of cardiac 
muscle fibre. Such similarity in structure has been repeatedly emphasized in the liter- 
ature [15] and is obviously not fortuitous but is to be explained by the similarity in 
the functions they discharge (conduction of excitation to the contractile structures). 
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Fic. 3. The five successive stages of contraction of sarcomeres at a magnification x 20,000. Significance 
as in Figs. 1 and 2. 
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The thickness of the Z- band itself remains unchanged. At low magnification of the 
electron microscope and also on observation in the light microscope of the described 
changes in the region of the Z- bands this moment is noted as the moment of appear- 
ance of “contraction bands”. With further shortening of the sarcomere the width 
of the two bands formed rapidly increases but the distance between them remains 
as before (~ 1300 A) (Fig. 3, (2, 3, 4)). 

The remainder of the sarcomere in the region of the former anisotropic disk becomes 
even brighter. The protofibrils in this region lose their regular longitudinal orientation 
so that the boundary between the residue of the /-band and this region is blurred. 


As a result of these changes two distinct zones appear in the sarcomere: a dark 
one at its centre about 0-5 uw wide and a bright peripheral one. At first glance these 
sarcomeres show a striking resemblance to those of uncontracted myofibrils: the dark 
centre of the sarcomere is, as it were, a “secondary anisotropic disk” (A IL) and two 
wide bright zones at the edges form, as it were, a “secondary isotropic disk” (J II). 
However, this similarity is only superficial and the sarcomeres in this stage of contrac- 
tion can be readily differentiated from uncontracted ones by the following pointers: 
(1) the size of the sarcomere is considerably reduced—to 75 per cent of the “resting 
length” at the start of this stage and to 65 per cent (~1-2 u) at the end of it; (2) the arrange- 
ment of protofibrils in the newly formed “secondary anisotropic” (A Il) band is 
never as regular as in the normal “primary anisotropic” (A I) bands; (3) the presence 
in the region of the Z-band of a dark homogenous substance and a dense net of bent 
protofibrils of the isotropic disk (initial stages of formation of “contraction bands”); 
(4) the density of the J II disk is always appreciably higher than that of the “genuine” 
I I disk and the density of the A II-band is always less than that of the A I; and (5) 
as the sarcomere continues to contract A II extends. At the end of this stage with A Il 
reaching its maximum width of ~ 0-5 p, i.e. about 40 per cent of the length of the sarco- 
mere, the density of this disk starts to fall (4, c in Fig. 2; M4c in Figs. 1 and 3, (5)) 
and its boundaries with J II become indistinct. The electron density of the M- band grad- 
ually falls. The whole complex of structures in the Z region becomes still darker. 
During these changes the size of the sarcomere remains unchanged, i.e. 65 per cent 
of the “resting length”). 

Fifth stage (5 in Fig. 2; M5 in Figs. 1 and 3 b). The sarcomere in this stage is 
shortened by a further 5 per cent and reaches the minimum value of 1-1 u, or about 60 
per cent of the “resting length”. It is not possible to differentiate the J II, A Il and M- 
band— the whole sarcomere from one edge to the other is of “one colour” although 
at the site of the A II band a part darker than the remainder of the sarcomere is sometimes 
maintained. The protofibrils undulate. The “contraction bands” (Z and the zone 
adjacent to it) are fully formed and are readily distinguishable against a background 
of bright sarcomeres. 

The dark granules constantly seen amongst the protofibrils of the /-band in the 
first stages of contraction are encountered less often in the fifth stage and their position 
is limited to the “contraction band” zone. 
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DISCUSSION OF RESULTS 


Thus, in the present investigation an aptly chosen method of stimulation of muscle 
fibre enabled us to follow up the whole cycle of succeeding changes in the structure 
of the sarcomeres during contraction. 

Of exceptional importance is that all this series of changes was traced in one visual 
field of one preparation. This enabled us to find the correct place for each stage in the 
overall series of successive changes. 

The first stages of contraction (first and second) have been described in the literature. 
As for the mechanism of contraction occurring at these stages, in our view, the most 
likely scheme of contraction of all those proposed is that put forward by Huxley [7]. 
According to this hypothesis, during contraction of the sarcomere the actin filaments 
of the J/- band slide between the myosin filaments of the A-band (1 and 2 in Fig. 2); 
this leads to reduction in the J- and H- bands with the A- band remaining relatively con- 
stant. The cause of the progressive brightening of the A- band is not clear. A few sugges- 
tions may be offered in explanation of this phenomenon. 

It seems to us unlikely that the brightening of the A-band during the first stages 
of contraction can be explained by simple reduction in the affnity of the protofibrils 
for osmium. Careful study of the fine structure of the sarcomeres in the different stages 
of contraction gives the impression that decreased density of the A- band is the result 
of progressive decrease in the diameter of the protofibrils. But since we did not make 
accurate measurement of the thickness of the protofibrils, this assumption still awaits 
proof. In any event, the thickening of the protofibrils during contraction of the sar- 
comere, as Sjéstrand [11] believes, is apparently not observed here. If the phenomenon 
of thinning of the protofibrils (myosin) occurs, it starts and proceeds more intensively 
in the rapidly narrowing H- band so that by the time the H-band and sub-band have 
become indistinguishable from each other (Fig. 3(1) and 2 in Fig. 2), the difference 
in the thickness of the various parts of the myosin threads stands out most clearly. 

The nature of the M- band is still not quite clear. From our preparations and also 
the photographs of other investigators [7, 11, 16, 17], it may be assumed that this 
band is a series of thickenings located in the middle of the myosin threads. It is possible 
that these thickenings consist of myosin since they are removed (at least in stretched or 
weakly contracted myofibrils) when myosin is extracted [8, 14]. These experiments 
showed that after removal of myosin from myofibrils in the “resting state” and con- 
traction to 75 per cent of this state some material remains around the middle of the 
former A- band, i.e. at the site of the M-band. These experiments would appear to 
contradict the postulated myosin nature of the M- band but we hold it possible that the 
myosin of this band and that of the remainder of the protofibril may differ in their 
capacity to pass into solution in specific solvents. In the experiments of Hanson and 
Huxley [14] it was shown that with more complete extraction of myosin, the M- band 
also vanishes (Figs. 17 b, 18 b and 20 in the work in question). Sjéstrand [11] subscribes 
to the view that one cannot infer the chemical composition of the structures from 
solubility alone, since solubility may depend on the molecular and substructural orga- 
nization of a given formation. In this respect Sjéstrand believes that one cannot sharply 
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differentiate the protofibrils of the /- and A- bands from their chemical composition 
and that the threads of the J-disk possibly contain a certain amount of myosin. 

During transition of the sarcomere from the first to the second stage the M- band 
becomes more distinct. The cause of this would appear to be progressive concentration 
of myosin in this band. It is possible that the “surpluses” of myosin for this are taken 
from the thinning (see above) and shortening (by 2-5 per cent) of myosin threads. 

Analysing the changes occurring for the J-band one must stress that the proto- 
fibrils of this band consisting, in Huxley’s view, of actin arranged relatively haphazardly 
in the first stage of contraction, bend appreciably as the sarcomere further contracts. 
It would appear that in the region of the Z-band these filaments form dense helices 
(2-5 in Fig. 2; Fig. 3 (2-6)). These helices also take part in the formation of “contrac- 
tion bands”. 

On further contraction (fourth stage) against a background of continued bright- 
ening of whole sarcomere there appears a new and as we have tentatively termed 
“secondary anisotropic” disk. Judging from its affnity for osmium it may be assumed 
that this new band has a myosin nature. However, we did not carry out special exper- 
iments to establish the nature of these bands and the investigations of other workers 
[8, 10, 14, etc.] unfortunately did not involve experiments with myofibrils in the stage of 
contraction described (fourth). Therefore, to establish the true composition of the 
A Il- band special investigations must be undertaken (treatment with specific solvents, 
investigations in polarized light, use of “antiactin” and “antimyosin” [18, 19]). 

Another surprising event during the fourth stage of contraction is the widening 
of the “secondary anisotropic” band. Such widened A II- bands havea length of about 
0-5 uw, i.e. are more than twice as short as A II for the “resting length”. Sjéstrand [11] 
gives a graph of the change in length of the “A- band” in relation to the length of the sarco- 
mere. From the graph it follows that on change in the length of the sarcomere from 
2:0-2'3 u, (“resting length”) to 0°8-1-0 u (strong contraction) the length of the “A-band”’ 
is more than halved (from ~ 1-3 u to ~ 0-6 uw). Thus, the length of Sjéstrand’s short 
“A- band” makes up the same part of the sarcomere as the A II- band in our investi- 
gation. It seems to us perfectly obvious that this investigator when confronted with 
pictures of strongly contracted sarcomeres, took the dark band (A II) in the middle 
of the sarcomere as the usual but strongly (more than twice!) contracted anisotropic 
band. The anisotropic band (A I) in fact, slightly contracts on shortening of the sarco- 
mere but this shortening is no more than 2-5 per cent of the original length of this 
band. According to Villafranca [20] the length of the A-band undergoes very slight 
change on change in the length of the sarcomere—from 1-4 to 1-5 yu, i.e. roughly by 
7 per cent. 

As was shown above, the dark band in the centre of the greatly shortened sarco- 
mere (up to 65-75 per cent of the resting length) cannot be considered as the usual 
anisotropic band since this structure appears anew and widens and does not narrow 
on contraction of the sarcomere. 

The structural bases for the appearance of A II-bands still remain unknown. We 
think it perfectly possible that these bands serve as the expression of helix formation 
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of myosin threads of the former anisotropic (A I) band. This formation of helices starts 
at the boundary of the H- band (4a in Fig. 2) and, encompassing ever new parts of the 
myosin threads, is the cause of compaction of the gradually extending central zone 
of the sarcomere (4b and c in Fig. 2; Fig. 3 (3-5)) 

As for the former isotropic disk (IL), which has shrunk to a narrow band in the Z 
region (3 in Fig. 2, Fig. 3 (2)), gradually merges with the brightening zone of the J IL 
disk (4a in Fig. 2 and Fig. 3 (3)). The actin threads as they shorten form helices in 
the region of the Z-band and thus take part in producing the “contraction bands” 
(3-5 in Fig. 2; Fig. 3 (2-6)). Hanson and Huxley [13] and Huxley and Hanson (8) 
consider that the “folding” of actin filaments occurs at the centre of the sarcomere 
while “folding” of the myosin filaments occurs in the Z region. In our view, such a 
situation cannot pertain in the sarcomere since at the moment of formation of the 
first, but already distinct, “contraction bands” between band Z and the slightly narrowed 
(by 2-5 per cent) A I the “primary isotropic” band is still present so that there is no 
direct contact between the myosin filaments and Z as Huxley holds. The investigations 
of Hanson [21] on insect muscles also make the assumption possible that it is precisely 
the actin filaments which participate in the formation of the “contraction band” in the 
Z region (C,) since the C,’s are isotropic in polarized light whereas the “contraction 
bands” in the M region (C,,) are anisotropic (apparently due to “folding ” of the myosin 
filaments). Possibly, in insect muscles, with a small range of linear movement when 
working, C,, is the analogue of A II in higher animals. 

Thus, our findings conflict with the Huxley’s view but confirm in this respect that 
of Sjéstrand [11] who believes that the “contraction bands” in the region of the Z- 
bands are an “aggregation of J-band filaments”. 

Betwee 1 the twisted (or coiled into a helix) protofibrils of the residue of the J- band 
adjacent to the Z-band a certain homogenous electron dense substance that takes 
part in formation of the “contraction bands” accumulates. The nature of this substance 
is totally unknown. 

At the end of the fourth stage (4c in Fig. 2; Fig. 3 (5)) with the sarcomere 
remaining constant in size, gradual “brightening” of the A II and M- bands occurs; 
the “contraction bands” darken even more strongly. At the present time it is not pos- 
sible to give even a hypothetical scheme of the changes in the ultrastructures in this 
stage. Equally incomprehensible are the changes occurring for the ultrastructures 
of the sarcomere on transition to the fifth and final stage of contraction (5 in Fig. 2; 
Fig. 3(6)) when over the entire length of the sarcomere only fairly twisted filaments 
are seen with strong “contraction bands” in the regions of the Z- bands. 

Thus, in giving the assumed scheme of the interrelations of the sarcomere ultra- 
structures during contraction, we reach the conclusion that in the first stages, i.e. from 
the “resting length” to the third stage inclusively (1-3 in Fig. 2) the most likely expla- 
nation is Huxley’s hypothesis (sliding of two types of protofibrils relative to one another). 
At subsequent stages of contraction (fourth and fifth stage) (4a, b and c and 5 in Fig. 2) 
this mechanism is obviously replaced by another, namely, folding or helix formation 
of pvrotofibrils. Of course. it cannot be excluded that this helix formation proceeds 
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not at the ultra-structural but at the molecular or submolecular level. The latter mecha- 
nism is also allowed by Huxley. However, he applies it to sarcomeres of the type de- 
picted in our scheme (Fig. 2) under the numbers 4c and 5. But as was shown above, 
between these final stages and the third stage (3 in Fig. 2) there is an obligatory (fourth) 
stage characterized by the reformation of the secondary “anisotropic” and “isotropic” 
bands. At this stage, helix formation in the protofibrils (if its existence is accepted) 
proceeds most intensively since the sarcomere at this time shortens particlarly ra- 
pidly (80 per cent - 75 per cent — 65 per cent). At the last stage (5 in Fig. 2, Fig. 
3(b)) shortening is now inconsiderable (65 — 60 per cent). 


SUMMARY 


(1) An appositely chosen method of stimulation (prick with needle) of striated 
muscle fibre of the axolotl has enabled us to observe in one visual field of the electron 
microscope all the stages of contraction of myofibrils. Errors could thus be avoided 
in establishing the sequence of the distinct stages of contraction. 

(2) A new stage of contraction has been discovered occurring on shortening the 
sarcomere below 75 per cent of the “resting length (75-65 per cent) but before the 
formation of typical “maximally contracted” sarcomeres characterized by “one-colour” 
and strong “contraction bands” in the Z region. Thus, this stage is between the second 
and third stages in the generally accepted scheme of contraction (see introduction). 

(3) The mechanisms of contraction for the first stages (from 100 to 80 per cent 
of the “resting length” and for the last (from 75 to 60 per cent of the “resting length” 


apparently differ. While for the first stages one may assume sliding of the sarcomere 
sub-units relative to each other, for the last stages, spiralization of these structures is 
most probable. 

In conclusion, I take pleasure in expressing my deep gratitude to Prof. A.N. Stu- 
ditskii for constant interest in my work and critical remarks, to G.M. Shevel’kova 
for day-to-day assistance in the work and A. A. Kashlyunova for handling the photo- 
graphic part of the investigation. 
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IN the last ten years much work has been done on the heart involving the use of micro- 
electrodes [1-4]. The application of this method gives new important information 
on the work of the individual myocardial fibres and of the heart as a whole. At the same 
time, it is essential in interpreting the results to examine the methodological conditions 
of recording. The present paper reports the results of intracellular recording of the 
membrane potential differences of the muscle fibres of the auricle and sinus venosus 
of the frog heart and considers the effect of certain conditions of recording on the 


potentials registered. 


METHODS 


The experiments were carried out on the heart of the grass frog Rana temporaria. 
The isolated heart, together with the ligated vessels was stretched and fixed in a special 
frame. The cavities of the heart were freed of blood. Some experiments were conducted 
on the isolated sinus venosus and the auricles or only the sinus venosus. In a number of 
experiments the isolated sinus and auricle were dissected and opened out. The prepa- 
ration was placed in a polymethacrylate chamber filled with Ringer solution. If neces- 
sary, washing solution could be run through the chamber. Microelectrodes with a tip 
diameter of about 0-5 uw were prepared from “Pyrex” glass in a Marinichev vertical 
automatic device and filled with approximately 3 M KCI solution by the method 
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described by Kurella [5]. The resistance of the microelectrodes varied from 8 to 30 MQ. 
A microelectrode was connected to the input of an amplifier by means of a chlorinated 
silver wire, it was fixed directly to the high ohmic input stage of the amplifier, in the 
form of a remote head mounted on a MM-1 micromanipulator. The tip of the micro- 
electrode was connected to the site of the preparation chosen for insertion, checked 
by a binocular microscope. The method described does not allow direct visual observa- 
tion of insertion of the microelectrode into the cell and the moment of puncture of the 
cell membrane is judged by the sudden appearance of a resting and action-potentials. 
The indifferent silver chloride electrode was connected to the washing solution by means 
of an agar bridge in Ringer solution. A low ohmic calibrator was inserted into the 
circuit of the indifferent electrode. Movement of the tissue on contraction was lessened 
by stretching the preparation. Sometimes, the zone of myocardial tissue chosen for in- 
sertion of the microelectrode was gently pressed by a small polymethacrylate ring 
fixed in the second arm of the micromanipulator. The aperture of the ring was closely 
tightened by a fine caprone mesh. The microelectrode was inserted through one ot 
the apertures of the caprone mesh. 

Recording was with a d.c. amplifier arranged in a balancing circuit with high ohmic 
pre-amplifier at the input. The output stage of the amplifier operates with a current 
gain and is designed to take a low resistance load. A 2E2P valve was used in the high 
resistance pre-amplifier. The input resistance was 220 MQ. The grid current (for the 
selected operation of the valve) did not exceed 10-!2-10-18A. The maximum sensi- 
tivity of the instrument (from measurements of a photographic film of the MPO2 loop 


oscillograph) was 6 mm/mV . The frequency characteristic was recorded in conditions 
similar to those for recording with microelectrodes with a diameter of about 0-5-1 u. 
The frequency characteristic of the entire amplifying channel (including the pre-ampli- 
fier) was from 0-1000 c/s with discontinuity in the region of higher frequencies of not 
more than 2:5 dB. Taking into account the recording loops the characteristic serves 
up to 0-400 c/s for loop VILI and up to 0-700 c/s for loop V. The frequency distortions 
in both cases are not greater than 2 dB. 


RESULTS 


When the tip of the microelectrode penetrates the myocardial fibre an instantaneously 
rising potential difference is recorded with negativity within the cell—membrane po- 
tential or resting potential (r.p.). The electrical activity on periodic excitation of the 
fibre is manifest in the form of action potentials (a.p.) with a rapid and steep rise (de- 
polarization phase) and relatively slow descending part during which the original 
r.p. is restored (repolarization phase). At the height of the a.p. the intracellular elec- 
trode becomes positive in relation to the external one; the reversion observed in the 
membrane potential difference is described as excess of a.p. over r.p. or “overshoot.” 
Fig. 1 presents the most typical records obtained on recording from the cells of various 
parts of the frog heart. The dotted line in all the records corresponds to the zero value 
of the membrane potential (extracellular position of microelectrode lowered into the 
washing solution and attached to the preparation). The a.p.’s of the auricle fibres (Fig. 
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la) have a characteristic, almost triangular shape and do not show any marked plateau 
the presence of which is so typical of Purkinje fibres of mammals [6] and myocardial 
fibres of the ventricle [7, 8]. 

Fig. 1b shows the a.p. of fibres from that part of the sinus venosus where the earliest 
contractions are noted during systole. It clearly brings out the slow depolarization setting 
in immediately after the preceding a.p. and lasting throughout the diastolic interval 


ae 
100 msec 20msec 


Fic. 1. Intracellular records of resting and action potentials of fibres of various sections of the frog 
heart. a, auricle; b, c and d, sinus venosus. 


The slow diastolic depolarization found by many workers in the cells of the leading 
regions of the heart of various animals [6. 8-11] can apparently be regarded as the 
most characteristic sign of automatic activity. Diastolic depolarization passes into the 
ascending phase of the a.p. in the example given at a r.p. level of about 49 mV. Asa rule, 
the rise phase of the a.p. of the automatically active elements of the sinus venosus 
lasts longer than the rise in the a.p. of the auricle or sinus fibres which do not display 
slow diastolic depolarization (Fig. lcd). The repolarization phase is clearly divided 
into two parts. The rapid repolarization at the end of the a.p. is preceded by a well 
pronounced plateau. The fibres for which slow diastolic depolarization could be observed 
always had relatively low r.p. and a.p. values. The excess of a.p. over r.p. in such fi- 
bres as Fig. 1b shows, was also insignificant. In a number of cases an overshoot was 
absent or the a.p. even did not reach the zero level of the membrane potential. As 
already stated not all the fibres of the sinus venosus even in the region of the origin of 
visible contractions, displayed slow diastolic depolarization. Examples of recording 
the a.p. of such elements are given in Fig. lc and d. 

The a.p’s in question are characterized by a rapid rise phase, by a plateau zone in 
the repolarization curve and the presence of a so-called “initial a.p. peak”. The height of 
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the initial peak in the records given is possibly underrated owing to the non-linearity 
of the frequency characteristic of the recording system (see section “Methods”). Fig. 
id shows a certain depression between the initial peak and the plateau of the a.p. 
At the end of the a.p. given in this figure hyperpolarization can be seen, amounting 
to about 2-6 mV and lasting about 100 msec. It may be supposed (see below) that 
the presence of after hyperpolarization and perhaps also the depression at the start 
of the plateau is determined by the conditions of recording from a moving preparation. 
As the figures make clear the a.p. of the automatically inactive sinus fibres differ from 
the a.p. of the auricle fibres chiefly in the presence of a plateau in the repolarization 
phase. However, the plateau is not uniformly pronounced as can be clearly seen from 
comparison of Figs. lc and Id (it must be stressed that the time scale in Fig. 1c is 2-5 
times greater than in Fig. la b and (d)). Apoint worth noting is that in a number of 
experiments we recorded an a.p. of the elements of the sinus venosus very similar 
in shape and time characteristics to the a.p. of the auricle fibres. 

The values of the r.p. of the auricle fibres and the automatically inactive fibres 
of the sinus venosus in our experiments did not substantially differ, varying from 52 
to 86 mV and being on average about 63 mV for the auricle and 66 mV for the sinus. 
The mean value of the a.p. of the auricle and sinus elements was 76-77 mV and the 
excess of a.p. over r.p. about 13 mV. As noted, the mean values of the r.p. and a.p. 
of the automatically active fibres of the sinus venosus were somewhat lower, being 
about 57 and 65 mV respectively. The duration of the depolarization phase of the 
muscle fibres of the heart was quite stable and varied in the auricle and automatically 
inactive sinus fibres at a temperature of 17-21° from 8-20 msec and 18-53 msec for 
the a.p. of the sinus fibres with marked diastolic depolarization. At the same time, 
the total duration of the a.p. varied from experiment to experiment within much wider 
limits and was almost exclusively due to the repolarization time and principally, to the 
duration of the plateau. However, during one recording with unchanged rhythm of 
tachycardia and absence of appreciable damage, the duration of the a.p. of each sep- 
arate myocardial fibre remained constant. The duration of the a.p. of the auricular 
fibres of 280-400 msec varied least in our experiment. The duration of the a.p. of the 
fibres of the sinus venosus varied from 200-750 msec. Several workers [2, 8, 12] have 
established a relation between the duration of the a.p. of the myocardial fibres and 
a number of conditions notably the frequency of tachycardia and temperature. 

Movement of the preparation offers the most serious technical difficulties in intra- 
cellular recording of the potentials of myocardial fibres, greatly complicating pro- 
longed recording. The changes in the recorded potentials on contraction of the heart 
are quite varied and may seriously distort their size and shape not to mention the 
possibility of the microelectrode tip popping out of the fibre. We shall examine some 
artifacts given by movement in which the electrode tip was known to remain in the 
cell. 

We often observed a reduction in the r.p., sometimes occurring gradually but 
sometimes abruptly and in most cases coinciding with the a.p. Often we saw the op- 
posite picture of partial or complete restoration of the r.p. also coinciding in time 
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with the a.p. (Fig. 2). A fall in the r.p. and sometimes restoration of the diminished 
r.p. could, in a number of cases, be brought about by very slight shifts of the micro- 
electrode in the cell. It was typical that the size of the excess of the a.p. over the r.p. 
on lowering the r.p. fell very little so that the peaks of the successive a.p.’s. remained 
virtually at the same level. Thus, the reduction in the membrane potential described 
was reversible, essentially depending on the position of the microelectrode in the cell 
and differing in magnitude at rest and at the moment of excitation. It may be assumed 
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Fic. 2. Successive intracellular recordings of membrane potentials of automatically inactive fibre of 

sinus venosus. The distinct changes in the resting potential coincide in time with the mechanical activity 

of the preparation and are not accompanied by appreciable changes in the membrane potential dif- 
ference at the moment of excitation. 


that the drop in r.p. in this case is due to shunting of the potential difference recorded 
owing to the fact that the hole in the membrane is not tightly closed by the tip of the 
microelectrode as diagramatically depicted in Fig. 3(a). Bearing in mind the complex 
character of the movement of the individual parts of the preparation of the stretched 
heart in the different phases of mechanical activity, it is easy to imagine that the hole 
is more tightly closed by the tapered part of the microelectrode with increase in the 
shunting resistance (upward displacement of the cell) and decrease in the shunting 
resistance when the fibre moves downwards or the hole is extended through destruction 
of the membrane adjacent to the electrode. The changes in resistance of the shunt 
may also explain the fall and restoration of the decreased r.p. as a result of contraction 
of the preparation or movement of the electrode. Consideration of the scheme in Fig. 
3(b) shows that the presence of a shunting resistance must have a greater effect on 
the value of the recorded potential difference, other things being equal, the higher 
the resistance of the membrane. There is reliable evidence for different specimens 
[13-15] including the heart [1, 16] that the resistance of the membrane sharply falls 
on excitation. Thus, the shunting effect of the hole in the membrane must be least at 
the height of the a.p. as shown by the slight change in the size of the overshoot (Fig. 2). 
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The unequal shunting of the membrane potential difference at rest and on excitation 
enables us to calculate approximately the drop in resistance of the membrane at the 
height of the a.p. From the simplified scheme of recording in Fig. 3b it follows that: 

U=E, aes (1) 

Ry ¥ Rin or Rerect 

where U is the recorded voltage, E,, the e.m.f. at the membrane R,,, the resistance of 
the membrane, R,,, the input resistance of the amplifier and R,,.., the resistance of the 
microelectrode. In the absence of shunting, i.e. with a shunt resistance of R, much 
higher than Ry, an almost complete membrane potential is recorded, since R,,, is 
considerably higher than the resistance of the membrane and the microelectrode and 





c 
Fic. 3. a, diagrammatic representation of positions of microelectrode and cell on movement relative 
to one another: b, simplified scheme of recording; Ey, e.m.f. of membrane; Ry, resistance of membrane; 
Rs, shunting resistance; Reject, resistance of microelectrode; Rin, input resistance of amplifier; c, diagram 
illustrating determination of drop in membrane resistance on excitation from differences in shunting 
of r.p. and a.p. 


from equation (1) U = E,. It is clear (Fig. 3) that the shunting starts to have an 
effect only at values of R, comparable with R,,. Then, considering the equality U ~ Ey 
we may rewrite equation (1) in the following 
4 = V—** 
Ry + lin 
form:* (where u the recorded voltage in conditions of shunting and r,, the shunted 
input resistance). Hence: 


(2) 


assuming the resistance of the shunt to be identical in the state of rest and the initial 


* The resistance of the microelectrode is disregarded here. It is easy to see that for R; comparable 
with Ry, the total resistance of the branched part of the chain Rs, Relect, Rin is also close to Ry. Thus, 
Ry must be taken into account as a sizeable part of the total resistance of the chain. However, the 
ratio rin/relect aS before, is very great and therefore, the resistance of the microelectrode may be disre- 


garded. 
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moment of excitation and designating the corresponding values on excitation by the 
apostrophe sign’, we likewise get for the excited fibre: 

R'x« U’ 


r 


= i (3) 


u 


in 


Dividing equation (2) by equation (3) we get: 
Ry u'(U — u) 
Rr. u(U’ — u’) 


1 sec 


Fic. 4. Automatically inactive fibre of sinus venosus, distortions in shape of action potentials are con- 
nected with movement of preparation. Immediately before the records c, d and e the microelectrode 
was slightly moved in the cell. 
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The values U, U’, uw and u’ are determined, as Fig. 3(c) shows, by measuring the r.p. 
and a.p. recorded in one fibre for different conditions of shunting. The ratio of the 
resistance of the membrane at rest to that on excitation for fibres of the sinus venosus 
not having slow diastolic depolarization was 29-3 (average of 13 measurements). 

As stated, movements of the fibre relative to the microelectrode as a result both 
of the inherent contractions of this fibre and also contraction of other parts of the 
heart may induce changes differing in direction and amplitude in the value of the shunt- 
ing resistance, changes which may be of a temporary character coinciding in duration 
with the separate phases of the mechanical activity of the preparation. It seems likely 
that the changes in shunting resistance, synchronous with contractions, account in 
a number of cases for the more or less complex distortions in the shape of the a.p. 
An example of such distortions is provided by the oscillations at the end of the a.p. 
in Fig. 4, suggestive of after-potentials (see also Fig. 1d). Sometimes they had an 
irregular stepped shape but were also often smooth. The oscillation imitating, for 
example, afterhyperpolarization may result from tighter closing of the hole in the 
membrane by the microelectrode and increase in the shunt resistance with corresponding 
shift in the fibre. “After-potential” as depicted in Fig. 4 often appeared, changed and 
frequently vanished during one recording. Jt may be assumed that this is related to 
change in the conditions of shunting. This is confirmed by the fact that in a number 
of experiments there was distinct relation between the shape and very presence of the 
oscillations in the membrane potential and the reciprocal position of microelectrode and 
cell. Thus, a slight displacement of the electrode in the cell directly before a, c, d and e 
in Fig. 4 always caused appreciable changes in the “after-potentials” and sometimes 


their almost complete disappearance (Fig. 4e). Change in the shunting resistance is 
also indicated by shift in the level of the r.p. in the records given. 


DISCUSSION 

The membrane potential differences of the various muscle fibres of the frog heart re- 
corded in terms of a.p., and the shape and basic values satisfactorily agree with those 
described in the literature ([1, 2], etc.). The a.p.’s of the auricular fibres greatly resemble 
in shape the a.p. found in the auricles of mammals [17, 18]. and the values of the po- 
tentials are very close to those obtained in frog ventricular fibres [7, 8, 12]. It is possible 
that the variation in a.p. found in automatically inactive fibres of the sinus venosus 
greatly differing in duration and definition of plateau indicates the inhomogeneity 
of these fibres. However, such variation may also result from as yet unknown technical 
factors or other causes. We have no decisive arguments to offer in support of any 
of these assumptions. In any event, we failed to record different a.p. shapes in the 
same preparation for conditions known to be identical. 

Weidmann [1, 16], using the method of square current pulses with insertion of two 
microelectrodes into the cell found for the Purkinje fibres of the mammalian heart, 
a ratio of the resistance of the membrane at rest to that at the height of the a.p. of 
about 100. Our measurements on fibres of the frog sinus venosus gave a mean value 
of this ratio of about 30. Our method for determining R,/R’y cannot be considered 
accurate, since on slight shunting it is difficult to measure the change caused by leakage 
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in the membrane potential at the moment of excitation. Moreover, it may be assumed 
that on stronger shunting, heavy depolarization of the cell will affect the value being 
determined. However, the method of square current pulses also requires a number 
of qualifications which are not quite satisfied by myocardial fibres [16]. Allowing for 
the imprecision of our method and the difference in specimens the convergence in 
values may be considered satisfactory. This supports the view that decrease in r.p., 
with a practically unchanged potential at the moment of excitation, arising from move- 
ment of the preparation is due to shunting of the membrane potential difference. 
Draper and Weidmann [6] in control experiments with insertion of two microelectrodes 
into the cell a short distance apart found very slight shunting of the membrane potential. 
However, it is understandable that depending on the conditions of insertion of the 
electrode and the mobility of the preparation the value of the shunting resistance may 
vary within very wide limits. Kostyuk [19] also points to the possibility of shunting the 
membrane potential on recording from the motor neurones of the spine. The variable 
effect of the shunting resistance of the hole on the membrane potential at rest and on 
excitation in conditions uncomplicated by movement was recently demonstrated by 
Chailakhyan [20] for the giant axon of the squid. 

The mechanism postulated by us of the origin of the oscillations at the end of the 
a.p.. resembling afterpotentials, does not, of course, exclude the possible existence of 
true after-potentials of the heart cells although they have not been seen in most in- 
vestigations. On the other hand, it is possible that variable and irregularly observed 
after-potentials of the myocardial fibres mentioned in some studies [2, 7] are the result 
of the technical conditions of recording. The possibility of after-potentials appearing 
or changing on contraction in the fibres of the skeletal muscle is also noted by Kostyuk 
[21]. 

Besides these instances of shunting of the membrane potential by the hole in the 
membrane, the fibres may sustain other damage from movement of the preparation. 
Sometimes, one can see a fall in the amplitude of the a.p. to the point of complete dis- 
appearance with an unchanged or almost unchanged value of the r.p. as observed by 
Chailakhyan [20] in the squid axon on moving the electrode and Kostyuk [19, 21] 
on the spinal motor neurones and muscle fibres. More often, the mixed effect of 
considerable lowering of both the r.p. and the a.p. is observed with the peaks of the 
latter being lower than the zero level of the membrane potential. An example of such 
a mixed effect is given by Fig. 4 where the excess of a.p. over r.p. is absent with a certain 
drop in the a.p. amplitude in a number of the records. Such phenomena cannot be 
attributed merely to shunting of the membrane potential since the “overshoot” must 
not be distorted. It is obvious that the “equilibrium potential” for the membrane in 
conditions of shunting both at rest and on excitation is equal to zero. Further experi- 
mental analysis is needed to explain the mechanism of such damage. 


SUMMARY 


(1) Intracellular microelectrodes have been used to record the resting and action 
potentials of single fibres of the auricle and sinus venosus of the frog heart. The mean 
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value of the r.p. for the auricle and automatically inactive fibres of the sinus venosus 
was about 64 mV and the mean a.p. value 76 mV. Values of 57 mV and 65 mV were 
obtained respectively for the fibres of the sinus venosus with slow diastolic depolariza- 


tion. 

(2) The problem of the “artifacts of movement” has been examined. The decrease 
in r.p. observed in many experiments and the slight decrease in a.p. resulting from 
movement of the preparation apparently are due to the shunting action of the hole in 
the cell membrane not tightly closed by the microelectrode tip. Other changes in the 
recorded potential differences were also encountered and were associated with movement 
of the preparation but not attributable merely to shunting. Apparently, together with 
shunting or independent of it, the microelectrode has a fundamentally different damaging 
effect on the cell. The nature of this effect is not clear. 

(3) From the differences in the effect of the shunting resistance on the value of the 
a.p. and r.p. we have computed the ratio of the resistance of the membrane at rest to 
that on excitation for the automatically inactive fibres of the sinus venosus. The mean 
value of this ratio was 30. 

(4) The after-potentials sometimes observed essentially depend on the position of 
the microelectrode in the cell. It may be assumed that the after-potentials result from 
temporary change in the shunting resistance during contraction. 

The authors wish to express their gratitude to L. M. Chailakhyan, Yu. I. Arshavski 
and M. B. Berkinblit for valuable discussion of the work. 
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INVESTIGATION of the submicroscopic transformations of nuclear and cytoplasmatic 
structures during spermatocytogenesis and spermeogenesis has developed only in the 
last six years. The findings in this field have been obtained for species of Helix [1-3], 
Orthoptera [4-7], Coccidia [8], fish [9-10], amphibia [11], birds [12] and mammals 
[13-17]. In a comparatively short period highly important facts have been established 
in this research; the elementary chromosome threads of the nucleus of the spermatid 
have been found to become progressively thinner when the non-basic proteins disappear 
from them and in the period of transition from typical somatic histones to histones 
rich in arginine [2, 3, 6, 8]; it has been shown that in the majority of species develop- 
ment of mature sperms is associated with aggregation of these fine elementary chro- 
mosome threads and formation of homogenous dense nuclei; light has been cast on 
the striking variety of intermediate stages of this process accompanied in different 
species by the formation of tubular, alveolar, lamellar or large globular structures 
[2, 3, 5, 8, 12]. It has been established that these transformations in spermatids are 
connected with appreciable changes in their ability to take up haemotoxylin, methyl 
green, pyronine and to stain by Feulgen’s method [2, 5] and, finally, details of transfor- 
mation of cytoplasmatic structures have been revealed—acrosomes Golgi’s apparatus 
and the centriole [5, 10, 12, 15]. 

Of particular interest are the findings on the submicroscopic structure of the chro- 
mosomes in spermatocytes and spermatids [7, 17-20]. 

There is reason to believe that further research in this field will bring to light a number 
of new and important features. 

The present work is devoted to the transformations in the nucleus and cytoplasm 
from the stage of the young spermatid to the formation of the mature sperm of the 


mouse. 


MATERIAL AND METHODS 


The test objects were the testes of 3-month old sexually mature white mice. Small 
fragments of the testes measuring 1-2 mm were fixed in buffered isotonic solution of 
OsO, (2 per cent, pH 7:2) for 2 hr. Then the fragments of testes were placed in a mixture 


* Biofizika 6: No. 6, 681-686, 1961. 
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of butylmethacrylate and methylmethacrylate in a ratio of 5:1. The investigation 
was carried out with a UEM-100 electron microscope on sections of 200-300 A. Mag- 
nifications of 6000—60,000 were used for photographing electronmicrographs. 


RESULTS 


Spermeogenesis in the mouse is a complex process involving a series of major trans- 
formations in the nucleus and in the cytoplasm of the spermatid. The young spermatid 
contains a large round nucleus lying at the centre of the cell (Fig. 1). This period cor- 


Fic. 1. General view of young spermatids x 6000. Round nuclei N, complex structure of Golgi’s ap- 
paratus G and acroblast A. 


responds to the first phase—the phase of Golgi’s apparatus established by Oakberg 
[21]. This, according to his findings, comprises three stages. The nucleus in this period 
is distinctly structured. It is filled with numerous microfibrils and granules with a di- 
ameter of about 100-150 A (Figs. 2 and 3). In addition, the nucleus contains larger 
granules, 350-400 A, located between the fibrils. In the nucleus of a young spermatid 
these elementary structures are united into large formations with the appearance of 
rods twisted apparently around a central axis (Figs. 2 and 3); these rods obviously 
correspond to sections through the central region of the individual chromosomes. 

The nucleus of the young spermatid possesses a well-marked double membrane, 
each of which is 100-150 A thick (Figs. 2-4 and 6). The cytoplasm is found to contain 
elements of the endoplasmatic reticular system (Figs. 2 and 3). Where they are located 
near the nucleus, their structure bears a striking resemblance to the double membrane 
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of the nucleus (Fig. 3). The thickness of their membranes is 100-150 A. The cytoplasm 
of the young spermatid contains comparatively small mitochondria with well-marked 
crystae (Fig. 2). Close to the surface of the nucleus in the young spermatids lies the 
system of acroblasts and Golgi’s apparatus (Figs. 1 and 2), which form a single complex. 
In this period the acroblast is in the form of a small body of more or less oval shape, 
lying directly at the surface of the nucleus. The internal region of the acroblast is filled 
with very fine granules. The Golgi’s apparatus of the young spermatid occupies a con- 
siderable part of the cytoplasm. It is formed from a system of membranes and round 


vacuoli. 








Fic. 2. Young spermatid x 22,000. Mitochondria M with internal crystae, endoplasmatic reticulum 
ER, complex system of Golgi’s apparatus G and acroblast A. Chromosome threads C formed by micro- 
fibrils and granules. 


With the development of the spermatid the acroblast starts to spread along the sur- 
face of the nucleus in the form of a wide sheet gradually embracing the entire anterior 
part of the nucleus (Figs. 4-6); this period corresponds to stages 5-7 according to 
Oakberg (1956) and as a whole to the general phase of the “cap”. 

The internal cavity of the growing acrosome is filled with small granules. At the 
start of this period Golgi’s apparatus is still close to the acrosome (Fig. 4). As devel- 
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opment proceeds the complex of Golgi’s apparatus and the acrosome undergoes con- 
siderable changes. With the growth of the acrosome, Golgi’s apparatus breaks down 
into vacuoles of varying size (Figs. 5 and 6) spread throughout the cytoplasm. 

In this period the nucleus starts to elongate and acquires an oval shape. It now 
consists chiefly of very fine granules and fibrils of 100 A diameter. The contents of 
the nucleus have a more homogenous appearance (Fig. 6). 


Fic. 3. Nucleus of young spermatid x 22,000. Double nuclear membrane NM, system of microfibrils 
and granules (100 A) forming chromosome C, endoplasmatic reticulum ER. 


The next period is characterized by drastic transformations both in the nucleus 
and cytoplasm. This period corresponds according to Oakberg to stages 8-12 which 
he regards as the phase of the acrosome. The nucleus shifts to the most frontal part 
of the cell. The acrosome directly attaches to the cytoplasmatic membrane of the frontal 
section of the spermatid and stays in this position during subsequent stages (Figs. 9 
and 13). The mitochondria, vacuoli and other cytoplasmatic inclusions migrate from 
the entire cell to its rear part. In the nucleus only homogenous granules with a diameter 
of 100 A are seen. They are mainly concentrated at the periphery of the nucleus and, 
in particular, in its tail part where the nuclear membrane is now not distinctly marked 
(Fig. 7). 


5 
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Fic. 4. Spermatid with acrosome spreading over Fic. 5. Acrosome A and Golgi’s apparatus 
surface of nucleus x 22,000. G still joined to acrosome. Breakdown of 
Golgi’s apparatus G into vacuoli of dif- 

ferent size x 38,000. 


Fic. 6. Spermatid with oval nucleus x 22,000. Nucleus filled with more homogenous 
microfibrils, small vacuoli V formed by Golgi’s apparatus; acrosome A filled with 
particles of 50-100 A. 
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In the rear part of the spermatid in the cytoplasm at the base of the nucleus numerous 
canals appear in this period, similar in structure to the canals of the endoplasmatic 
reticulum. They are parallel to one another and run from the surface of the nucleus 
deep into the cytoplasm of the caudal part of the spermatid. These canals have a diam- 
eter of 250-300 A with a distance between them of 400-500 A (Fig. 7). The appearance 
of these canals is accompanied by sharp decrease in the size of the spermatid. Numer- 
ous vacuoli of differing size and granular inclusions are seen in the cytoplasm. In 
the cytoplasm of the distal part of the spermatid a secondary Golgi’s apparatus appears 
(Fig. 8). It consists of two parts: an internal part with an oval shape is formed by 


Fic. 7. Spermatid in period of elongation of nucleus and reduction in its size x 22,000. Numerous 
canals of endoplasmatic reticulum CER at base of nucleus N. In cytoplasm of tail part of spermatid 
many large vacuoli V. 


the congregation of small vacuoli; on the outside, adjacent to this region is a system 
of membranes partially joined together. In some cases, six such membranes can be 
distinctly seen surroundirg the internal region of the Golgi’s apparatus in the form of 


an arc. 

Not far frcm the Golgi’s apparatus is the centriole (Fig. 9) which can sometimes 
be seen in secticns taken at earlier stages (Fig. 9) in the form of a disc of complex 
structure. The centriole has typical structure, characteristic of the axial threads of the 
tail of the sperm. It consists of 10 threads: 9 peripheral and | central. In this period, 
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Fic. 9. Development of centriole and formation of tail part of sperm x 22,000. A, centriole in young 

spermatid; B, centriole in period of reduction in size of nucleus; C, cross section of tail part of sperm, 

axial threads of tail ATT surrounded by compacted mitochondria; D, cross section of tip of tail, axial 
threads of tail without thick membrane. 
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the centriole is already surrounded by a thin membrane (Fig. 9). On further develop- 
ment the centriole forms the axial threads of the sperm tail. As we have already noted, 
the appearance of a system of canals from the nucleus into the cytoplasm is accompanied 
by progressive decrease in the size of the nucleus, its area decreasing 10 times as com- 
pared with the preceding stages (Fig. 10). During these transformations the filamentous 


Fic. 10. Elongated spermatid x 38,000. Contraction in head C, canals of endoplasmatic reticulum 
CER and acrosome A. 


ee 


Fic. 11. Formation of tail of sperm x 22,000. Compacted Fic. 12. Formation of tail of sperm 
mitochondria CM and axial threads of tail ATT. x 22,000. Compacted mitochondria CM 
and axial threads of tail ATT. 
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and granular structures of the nucleus shrink to 60-80A in diameter (Fig. 14). At 
this period in the frontal part of the spermatid in that part where the sheet of the ac- 
rosome terminates a contraction is formed. It is pressed into the nucleus cutting off 
about one third of its frontal section. At the base of the nucleus where its membrane 
is not detected, numerous canals of the endoplasmatic reticulum (Fig. 10) from the 
nucleus to the cytoplasm of the caudal section still persist. 


Fic. 13. Anterior end of spermatid » 60,000. In nucleus threads and granules with diameter of 100 A 
and contraction C in head. 


. 


° 4 8 
. 
’ ~~ 


Fic. 14. Strongly elongated spermatid 38,000. In nucleus very fine threads 60-80 A in diameter. 


In the cytoplasm of the tail part of the spermatid further changes are observed. 
After migration from the frontal section of the spermatid the mitochondria undergo 
great structural changes, their membranes thicken and they become very dense. At 
the end of this process they are transformed into lamella with great affinity for osmium 
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Fic. 15. Sharp compaction of microfibrils and Fic. 16. Compacted nucleus of mature sperm 
granules of nucleus with formation of round x 38,000. 
globules x 38,000. 


(Fig. 11). During the final formation of the sperm tail the compacted mitochondrial 
lamella are concentrated around the axial tail threads and form the thick osmiophilic 
membrane of the sperm tail (Fig. 9c—cross section, Figs. 11 and 12—longitudinal 
section). This period corresponds to the phase of maturation of the sperm and covers 
Oakberg’s stages 13-16. 

Before the final transformation of the spermatid into the sperm its elongated nucleus 
contains very fine threads—with a diameter of about 60-80 A (Fig. 14), lying singly 
and parallel to the long axis of the nucleus. 

In the nucleus of the mature sperm these threads become very dense and form 
compact arrays, the structure of which is not easy to analyse (Figs. 15 and 16). ‘ 
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DISCUSSION 


The material obtained in the present investigation enables us to consider certain 
topical aspects of work on the electron microscopic analysis of spermeogenesis. 

Nucleus. In the light microscope in the nucleus of the young spermatid of the 
mouse threadlike structures are visible well stained by Feulgen’s method and obviously 
constituting despiralizing chromosomes. 

Electron microscopic investigation shows in such nuclei large structures formed 
by a braided accumulation of granules 350-400 A in size and microfibrils 10 A in 
diameter (Figs. 2 and 3). In some parts of the nucleus it can be clearly seen that the 
microfibrils contain granules in linear array. The general structure of the braided 
conglomerations of granules and microfibrils (apparently a section through the chro- 
mosome) is not very well marked. However, it may be assumed that this accumulation 
of elementary chromosome structures is ranged around a common axis as assumed by 
some investigators [7, 14, 18-19, 20]. 

Transformation of the spermatid into the sperm in a number of species is connected 
with disappearance from the nucleus of the threads of 150-200 A diameter and the 
appearance of finer ones (40-50 A). These threads then join up forming, in different 
species, highly specific dense structures of the membrane, tube, mesh and globule types, 
etc. [8, 6, 5, 12]. 

Similar changes are also undergone by the chromosome threads in the mouse sper- 
matid. In the period of elongation of the nucleus and sharp reduction in its size, it 
is filled by fine threads 60-80 A in diameter, parallel to the long axis of the nucleus 
(Fig. 14). 

Comparison of the results of biochemical, cytochemical and electron microscopic 
investigations suggests that these submicroscopic transformations of the chromosome 
threads occur in the period when the non-histone proteins disappear from the nucleus 
[2, 3, 6, 8] and when only histones or protamines are to be seen in it. 

In mouse spermatids of this transitional period in the cytoplasm, lying directly 
next to the distal end of the nucleus, the appearance of a system of numerous canals 
of the endoplasmatic reticulum is seen (Fig. 7). These canals are obviously outgrowths 
of the external membrane of the nucleus [22] and their appearance, as we believe, 
is connected with intensive ejection of substance from the nucleus into the cytoplasm. 
The membrane at the distal end of the nucleus at this period is extremely poorly marked 
and passes into the canal system. Such a structure in the distal region of the nucleus 
is maintained (Figs. 7, 10 and 14) until the structural elements of the nucleus are united 
together in large aggregates (Fig. 15) with subsequent formation of the homogenous 
nucleus of the sperm (Fig. 16). 

The appearance of similar though not so well marked systems of canals or tubes 
running from the nucleus into the cytoplasm and the serrated structure of the membrane 
in the distal region of the nucleus has recently been described for late spermatids of 
Lumbricus herculens [23]. 

Cytoplasm. The cytoplasmic structures in the developing mouse spermatid re- 
vealed in the present investigation are represented by the endoplasmatic reticulum, 
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the acrosome, Golgi’s apparatus, the centrioles and the mitochondria. The complete 
correspondence between the structure of the endoplasmatic reticulum and the double 
membrane of the cell nucleus (Fig. 3), described by Porter [22] and others was clearly 
apparent. In individual zones they were seen to join up to form a single structure. 

Spread of the acroblasts over the surface of the nucleus coincides with the period 
of transformation of Golgi’s apparatus and spread in the cytoplasm of its vacuolar 
elements (Figs. 4 and 5). It is not unlikely that these two events are related not only 
in time but functionally. The structure of Golgi’s apparatus in the young and late mouse 
spermatid is very similar to that in the rat and cat [15, 16]. The results of the present 
investigation confirm the views of these workers that the small and large vacuoli ap- 
pearing in the cytoplasm of the spermatid constitute budded fragments of Golgi’s ap- 
paratus. 

The structure and appearance of the centriole and mitochondria in the mouse 
spermatid are typical and correspond to what has been described for the transformation 
of these structures during spermeogenesis in the rat [16]. 


SUMMARY 


(1) Submicroscopic transformations of the cytoplasmatic and nuclear structures 
have been investigated during spermeogenesis in the white mouse. 

(2) The early development of the acrosome is associated with Golgi’s apparatus 
with which it forms a complex. 

(3) In the nucleus of the spermatid during spermeogenesis the following transforma- 
tions occur: 

(a) progressive thinning of the initial elementary chromosome threads 100-150 A 
in diameter (early spermatid) to extremely fine threads 60-80 A in diameter (late 
spermatid); 

(b) orientation of these threads (60-80 A) longitudinal to the axis of the extended 
nucleus in the late spermatid; 

(c) sharp reduction in the size of the nucleus and change in shape from spherical 
to ellipsoid; 

(d) joining of chromosome threads of 60-80 A and formation of large aggregates 
(1000 A); 

(e) formation of a homogenous dense nucleus. 

(4) Reduction in the size of the nucleus and thinning of the elementary chromosome 
threads is accompanied by appearance in the distal part of the spermatid of a system 
of canals of the endoplasmatic reticulum directed from the nucleus to the cytoplasm. 

(5) The formation of the caudal section of the sperm is connected with develop- 
ment of 10 axial threads of the centriole and their surrounding cover made up of compact 
mitochondria. 

The authors wish to express their deep gratitude to the Director of the Institute 
of Biophysics, Corresponding Member of the U.S.S.R. Academy of Sciences, Professor 
G. M. Frank for allowing them to work in the electron microscopy room and for 
providing them with the facilities necessary for the present investigation. 
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IN designing optical instruments at the exit of which is placed the human eye, the 
question often arises as to how aberrations of beams of light emerging from the in- 
strument can be eliminated. The answer depends in part on the magnitude of error 
of the eye; there is no point in urging further improvement in the optics of the instru- 
ment if its aberrations are already less than those of the eye itself. 

A further factor of purely practical interest is that knowledge of the aberrations 
of the normal human eye makes it possible to calculate the distribution of luminosity 
in the retinal image of the luminous point, which is necessary for correct setting up and 
interpreting of many experiments on the functions and mechanisms of the retina. 


* Biofizika 6: No. 6, 687-703, 1961. 





Measurement of wave aberration of human eye 7717 


A large number of papers have already been published concerned with measure- 
ment and elucidation of the réle of the various forms of errors of the human eye. In 
particular, the chromatic and spherical aberration and the scatter of light in the media 
of the eye have have been measured. The chromatic aberration has been apparently 
measured quite accurately [1, 2]. Many investigators have sought to define the various 
characteristics of the eye connected with spherical aberration. Paper [3] gives a review 
of the techniques and main results. 


All investigators agree that the spherical aberration greatly varies from eye to eye 
and does not possess axial symmetry. Owing to the lack of symmetry the very concept 
“spherical aberration” is not applicable to the eye. This was already indicated by Helm- 
hotz (4). The more general concept—wave aberration—is relevant even to the non- 
symmetrical eye. 

Apparently, no one has as yet defined the wave aberration of the eye although conve- 
nient ways of measuring lateral aberration of the eye were described long ago [5, 6]. 

Ivanoff [6, 11] directed two beams of light at the eye: one along the axis of the eye, 
the other—alternately through different points on the horizontal diameter of the entry 
pupil. Each beam gave the image of a vertical line on the retina. The angle between 
the beams was measured at which to the subject the lines seemed to coincide. Thus, 
Ivanoff measured one horizontal-component of the lateral aberration. Then the differ- 
ences in refraction of the individual zones of the pupil were computed. Ivanoff concluded 
that there were great individual differences in spherical aberration and that it depended 
very much on the state of accommodation of the eye. Owing to the nonsymmetry 


of the eye the results of Ivanoff’s experiment do not fully characterize the aberrations 
of the eyes investigated. 

The purpose of the present work was to measure the wave aberration of the normal 
eye for central (foveal) vision and then to estimate on the basis of these measurements, 
the distribution of the light in the image of the point on the retina. 


SIMPLIFYING ASSUMPTION. RELATION BETWEEN WAVE AND CROSS ABERRATION 


The turbidity of the media of the eye and the absorption of light in them influence 
the distribution of luminosity on the retina but are not crucial in considering aberrations 
and will not be taken into account in the present work. 

We shall consider simultaneously with the real eye an ideal eye most similar to the 
real one in distribution of the refractive indices in space but not possessing aberrations 
for points of the retina close to the optical axis. 

The ideal eye gives an image of coarse details on the same scale and with the same 
luminosity as the real one. The images of fine details in these two cases will appreciably 
differ. As is known, in the ideal eye the optical paths from the object (a distant lumi- 
nous point) to the centre of the diffraction pattern of its image are uniform for rays 
passing through any point of the entry pupil. Rays which pass through different places 
of the pupil arrive at all the other points of the image in different phases and the lumi- 
nosity in them is correspondingly less. 
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In the real eye owing to the deviation of the refractive index at each point from the 
refractive index in the corresponding point of the ideal eye, the rays from different 
sites on the pupil do not all arrive in phase at any site on the retina. Therefore, at no 
point of the retina of the real eye will the luminosity be as great as at the centre of the 


image for ideal optics. 

For better reproduction of the properties of the real eye we shall complicate the 
model. In front of the ideal eye let us place a thin, flat parallel transparent plate. We 
shall choose such a distribution of optical thicknesses along the surface of this plate, 
i.e. the wave aberration introduced by it, that to the site of the retina where in the 
ideal eye the centre of the diffraction pattern would be, the rays from different parts 
of the pupil arrive with the same phases as in the real eye. 

[It is obvious that such a model—with a phase filter—will give the same luminosity 
in the centre of the image as the real optics of the eye. In all points close to the centre 
of the image this model also gives the distribution of phases of all the rays in the same 
way as in the real eye. The validity of this claim is not self-evident but was checked 
experimentally (see below in section on Measurements). 

Given (1) the posterior nodal distance of the ideal eye, (2) the diameter of the 
entry pupil, and (3) the optical thickness of the error plate at each point, then the dis- 
tribution of luminosity in the image of the distant source of monochromatic light 
may be computed by means of direct application of the Huygens-Frenel principle. 

Therefore, it seemed to us useful to investigate the real human eye starting from 
the assumption that the properties of its optical system may be described with suffi- 
cient accuracy by the model “ideal eye+error plate”. As soon as this assumption 
is accepted, the distribution of optical thicknesses of the error plate can be determined 
experimentally. In fact, this distribution of optical thicknesses coincides with what 
in optics is commonly termed wave aberration. Wave aberration is related to lateral 
aberration by a certain differential dependance. Usually, this relation is derived by 


Y 


{0.0,-1} 


Ol /Ay) a2, -auldy. 't 





dl/az 





Fic. 1. Diagram illustrating how formula (2) was derived. 


considering the difference in the form of the real and ideal (spherical) wave surfaces 
in the interval between the last lens and the image of the point (see for example [7, 8]). 
Between the crystalline lens and the retina is the vitreous body which is not homo- 
genous and has different refractive indices at different points. As a result, in the eye 
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there is no interval between the “last lens” and the image—an interval in which distortion 
would not occur in the form of the light wave. Therefore, the “‘error plate” has to be 
brought to the outside. 

Let Oz be the optical axis of the ideal eye accommodating to infinity. Axis Oy 
is directed upwards, axis Ox to the reader (see Fig. 1). The “error plate” Ep is in front 
of the cornea. Let there be a point source of light at point P (the intersection of the axis 
of the eye with the retina). Immediately after emergence from the eye the wave surface 
will be parallel to the plane xOy. After passing through Ep the wave surface bends 
and occupies position S. Let / = / (x, y) be the distance of the point lying at S, from 
the plane of the ideal wave surface xOy. Then 


I(x, y, z) = 2+ U(x, y)=0 


is the equation of the surface S. The equation of the ray refracted by the plate, i.e. 
the equation of the normal to S at point x, y will be 


The orthogonal of the ray emerging from P in the interval between the cornea of 
the ideal eye and plate Ep is (0.0-1). After refraction in the plate P the orthogonal 
of this ray becomes 


a 4 ~ 7 ap\2 AT \2- 
2, waka 4 (2) 4 (2) 
ix ay 6x } dy 


Surface S is very close to plane xOy. Therefore, we may disregard the difference in the 


multipliers of the type 


ri = al \2 al \2 
Vee 
Ox Oy 
from unity. For the same reason the orthogonals of all the rays approximately parallel 
to Oz, will receive increments depending solely on the coordinates of the point of 


encounter of the beam with plate Ep but not on the angle of incidence on it. This makes 
valid the formula 


(1) 


> 


where {&’, 7’, + 1} and (&, y + 1) the orthogonals of the beam before and after inter- 
section of the error plate. 


Let two beams pass through Ep at points x, yp and x, y. If they fall on the same 
part of the retina then this means that between Ep and the cornea they will be parallel 
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to one another. For them the left hand parts of (1) are equal and consequently, the 
right hand ones are equal to: 


hence we obtain the equation 
{ ol él) 


lax’ dy} 


= grad /= {E, 1} + C, 


where C = grad I (xo, vo) — {E(Xo,¥o)s 1(Xos¥o)}- 

The vector (€, y) can be measured. The constant vector C can be selected arbitrarily. 
In fact, the error in determinating grad / by a constant value is equivalent to addition 
to the plate Ep of a thin prism. Such a prism only shifts the entire image as a whole 
but does not change the distribution of light in it. 

Thus, to determine the wave aberration I(x, y) it suffices to measure the distri- 
bution of lateral aberrations (€, y) over the entire area of the entry pupil. 


APPARATUS 


The test object is placed at a distance L = 1m from the eye of the observer. It con- 
sists of a white screen E with black lines on it (Fig.2a). In the centre of the screen there 
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Fic. 2. a, test object; b, general arrangement of apparatus, c and d, how the test object appears for 
different degrees of aberration. Details in text. 


is an aperture O, with a diameter of 1 cm. Lamp L, (Fig. 2b) produces on the screen E 
a luminosity of about 100 Ix. Behind the aperture O, is a second illuminator consisting 
of a cineprojection lamp L, (300 W), frosted glass M, an interference filter F, an adjust- 
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able polaroid P, and a fixed polarization prism P,. Between P, and screen E are adjust- 
able cross-wires K. At 15 mm in front of the eye of the observer is polaroid P,, orien- 
tated perpendicular to P,. P,; has a diameter of 18 mm; at its centre is a round aper- 
ture O,, with a diameter of 0-4 mm, fixed with Canadia balsam between two flat 
glasses. The light of lamp L, reflected by screen E is not polarized and passes into the 
eye G through the entire aperture of the pupil. Light from O, enters the eye in a narrow 
beam through aperture O, at P;. Two mutually perpendicular micrometer screws can 
shift P, parallel to plane xOy so that the aperture comes opposite a predetermined 
site on the pupil. 

To avoid any change in the position of the eye throughout the experiment supports 
were used for the forehead, temples and chin and also a rigidly fixed rod which the observer 
pressed with his teeth. To check that the position of the pupil did not change the device 
depicted in Fig. 2b was used. It consists of a thin walled (0-1 mm) conical tube T. The 
tube is so set that its axis passes through the centre of the aperture O, and the continu- 
ation of the conical surface coincides with the edge of the entry pupil of the eye. 
The inside of the tube is blackened, the external surface painted red and illuminated 
with four 1W lamps placed in a common cylindrical jacket. When the centre of the 
pupil is correctly positioned on the axis of the tube T, little of the light reflected by the 
outer surface of the tube enters the eye and the observer sees a thin red ring projected 
on screen E. On displacement of the pupil to the side, this red ring becomes asymmet- 
rical and is transformed into a sickle. 

In a number of experiments a spectacle lens D was placed between tube T and 
polaroid P, to vary the accommodation. 


MEASUREMENTS 


Experiments were carried out on 10 observers who had without correction a visual 
acuity from 0-5 to 1-6 (according to the tables of Sivtsev). 

In some experiments the pupil was first dilated with atropine. 

Before measurements the tooth rod, the fronto-temporal and the chin supports 
were fixed in such a position that the observer could maintain the centre of the pupil 
on the axis of the tube T for a long time. By turning polaroid P, the brightness of 
aperture O, could be conveniently adjusted. 

The observer adjusted the cross wires K in such a manner that they seemed to be 
continuations of lines AA and BB on screen E (Fig. 2c). Owing to the aberrations of 
the eye the wires of the cross were shifted (Fig. 2a). The experimenter read off from 
two scales, with an accuracy of 0-05 mm, the displacements u and v of the wires from 
the planes passing through the centre of the pupil of the test eye and the straight lines 
AA and BB. To check the validity of the simplifying assumptions mentioned above, 
it was specially verified on two subjects that on displacements of the fixation point 
by 1° to any side of centre O,, the readings of u and v do not change, but only the scatter 
in the readings increases. It thus follows that /(x,y) is practically one and the same 
for the region of the retina with a diameter of at least 0-5 mm. 
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- 


In the case of considerable aberration the apparent displacement of the beam 
of light emerging from aperture O, may exceed the visible radius of O,. The field of 
vision then had the appearance depicted in Fig. 2d and the observer indicates (with 
an accuracy up to 0-3-0-5 mm) the co-ordinates of the light spot using the grid of 
lines on the screen. After each setting of the cross or reading of the visible position 
of the centre of the light spot the observer checks the correctness of the position of 
the pupil. Then the experimenter moves aside the polaroid P, by 0-5 mm and the meas- 
urement is repeated. The co-ordinates of the aperture at P, at which the observer 
ceases to see the light emerging from O, determine the boundaries of the entry pupil 


of the eye. 


CALCULATIONS 

The experiment yielded a table in which, to each square of the pupil with a side 
of 0-5 mm having the co-ordinates of the centre x, y, corresponds a pair of numbers 
u, v. The function {u, v} {x, y} determines the multiplicity of rays distinguished by the 
property that they all pass into the eye through different sites of the pupil but fall 
on one point of the retina. As follows from formula (2) the derivatives of the wave 
aberration / (x, y) satisfy the relations 

él 

Ox 
where u and y is the displacement of the cross lines and L is the distance from the cross 
K to the eye. 

The differences in optical thicknesses in the centre of zone x; y; and the centres 
of the four nearest zones are determined from the assumption that the mean value 
di/dx in zone 

>x> xX Y= Vj; 
is equal to 
aol 
- Ti (g)*. 


Ox Ox 


a (— itd 4 


2 
Putting x;.; — X; = Yeii—y, = A we get, instead of the differential equations 
(2), equations in finite differences connecting the values of / in the centres of the adjacent 


zones: 


(3) 


* The use of more complex procedures instead of linear interpolation would not have increased 
the accuracy of the results of calculations by reason of the low accuracy of measurements of u and 
v and the incorrectness of the error plate. 
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The number of independent equations in set (3) is almost double the number of 
unknown ones, i.e. some measurements necessary for the calculations are repeated. 
Their results were averaged. For this we shall sum all the equations of (3) for each 
point x;,y;, and solve the equation obtained for /j. For the point not lying on the 
margin of the pupil we get equation 


i i+1 ; ji-1 | i A i 
i= \« 40+ Bat hd +o ls (4) 


where 


i+1 i ast 
a <— * — Uj+1° 


For the areas lying at the margins of the pupil similar equations are obtained. 


The number of equations (4) is equal to the number of unknown /j. They are not 
independent. One of them is the consequence of the rest. Therefore /} may be computed 
only with an accuracy up to a constant term. 


Set (4) may be solved by the usual method of successive approximations. To avoid 
cumbersome calculations, a simple electrical circuit was used modelling the sets of 
equations (4). The circuit consisted of uniform resistance R, sealed into a mesh with 
square apertures. To each junction of the mesh (i, 7) was supplied direct current of 
known strength J}. For this purpose each junction was connected through resistance 
R’ > Rto the corresponding point of a low-ohmic voltage divider. 

The potential U of the junction with the co-ordinates (i, j) satisfies the equation 


Ui=|\‘Uadjacent nodes 4 Rt :n, 
v 


where n is the number of resistances R convergent on junction (i, /). 

The currents J} are proportional to the values r} (in equations (4) and the potentials 
U} are proportional to the sought /}. The values of /} taken from the model were checked 
for satisfying equations (4). 


RESULTS 


Typical distributions of the wave aberrations are given in Fig. 3. The curves in this 
figure are lines of the equal optical thicknesses of the error plates. The signs + and — de- 
note the maxima and minima of thickness respectively. The continuous lines were 
drawn every 0:58 u = | 2. (At the periphery of the pupil of MS V the lines were drawn 
through 4 2.) The halves and quarters of the intervals between them are denoted respec- 
tively by broken and dotted lines. The sides of the squares of the co-ordinate network 
are | mm. The table gives the basic conditions of the experiments and the characteristics 
for the subjects. 

In order to estimate the error of the method and to know what in Fig. 3 is attribut- 
able to the eye and what to the errors of measurement, we determined in some sub- 
jects the scatter of readings of the positions u and v of the cross resulting from the lim- 
ited visual acuity, disturbances in centring of the pupil and fluctuations in accom- 
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modation [9, 10]. The mean-square deviation was always within 0-1-0-7 mm which 
corresponds to 1-7 x 10~* rad. The scatter was less in the central part of the pupil. 
It closely depended on | grad / | so that o,,,—0-1-0-2 mm for | grad/ | < 8-10 rad 
and o,,,. = 0:5-0-7 mm for | grad/ | = 5-10 10-3 rad. 
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Fic. 3. A, Optical thicknesses of plate of errors of one eye from the results of two experiments (PI 
and PII). Their difference, (PII-PI). The difference +0-11 diopters—(PII—PI-+0-11 D). Error I, 
example of probable experimental error (only for ID). 








Assuming the absence of systematic errors we estimated how much on average 
errors of the real plate must differ from those computed from the results of individual 


experiments. 
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The mean-square error of determinating / (x, y) was 0-04 uw for the central zone 
of the pupil with a diameter of 3 mm. In the ring zone with a diameter of 3 to 5 mm 


the error was twice as great. 
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Fic. 3. B, optical thicknesses of plate of errors. Details in text. 












































Subject P, for example, set the cross with a scatter twice as great as did the other 
subjects. In the graph for Error I (Fig. 3A) is given an example of the distribution 
of errors expected for P. In the other subjects, the probable error was half. 

This calculation of the probable random errors made it possible to estimate the degree 
of reality of the differences of the error plates measured at different times. For example 
the experiments carried out on P at monthly intervals gave the plates PI and PIII, 
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Graph PII— PI shows the difference in the results. This difference was much greater 
than could have been expected; the edges of PII— PI are almost everywhere higher than 


the middle. 
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Fic. 3. C, optical thicknesses of plate of errors. 
































However, if it is accepted that in the time between the experiments the inten- 
sity of accommodation had lessened, the difference in PII and PI is in agreement 
with the calculated probable error; in graph PI[—PI-+-0-11 D diopters the optical 
thicknesses hardly exceed the thicknesses in Error I (see Fig. 3A). 
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Thus, the difference in PII from PI is probably to be explained not only by the 
random scatter of measurements but also by real change in aberration of the eye. 
The accuracy of measurement is insufficient to judge whether this change is a matter 
of addition—0-1 diopter, or is more complex. 
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Fic. 3. D, optical thicknesses of plate of errors. In graph for DrII scale of thicknesses is twice that 
for rest, i.e. from continuous curve to broken one A/12 and not 2/4. 


The aberrations of one eye were measured several times during 3 years (see MSI, 
MSU, MSIII, in Fig. 3 B, 5 D and in Table 1). In this time the errors appreciably 
changed but the main features of the relief—disposition of elevations, steep fall in 
lower temporal quadrant—were maintained. 

Unlike MS, the left eye of subject VD fcr a natural pupil had almost no aberrations; 
the optical strength of the error plate was of the order of + 0-15—+-0-20 diopters for the 





















































































































































Fic. 3. E, plates of errors of two eyes; F, plate of errors of one eye. 
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horizontal meridian and +-0-02-0-08 diopters for the vertical. The thicknesses of the 
plates for VDI and VDII (see Fig. 3 B and table) measured with an interval of 24 hr 
differed from one another amost throughout by less than )/4. This difference apparently 
is not real since it fully fits into the probable error of measurement. 

It should also be remembered that owing to fluctuations in accommodation [9, 10] 
and changes in the thickness of the layer of lacrymal fluid on the cornea at any separate 
moment the errors differ from those given in Fig. 3. The measurements give only the 
picture averaged for the time of the experiment. 

The irregularities with a diameter of less than 0-2 mm, as a rule, remained unnoticed 
since they influenced the course of only a small part of the rays simultaneously passing 
through the aperture and the polaroid P3. 








/ 2mm 

Fic. 4. Changes in plates of errors with changes in accommodation amounting to change in defocussing. 

Cross sections of plate of errors of left eye of VD; with stimulus for accommodation of 3 diopters—a 

and with stimulus for accommodation O diopters—d; c, difference between b and a; d, optical thick- 

ness with lens of 0-75 diopters; e, difference between c from d (it does not exceed errors of measurement). 
Upper curve of each pair—section along axis Ox, lower one, along Oy. 


Dilation of the pupils with atropine in subjects VD, MS and MB did not essentially 
change the aberration of ‘the central zones of the pupil, but permitted estimation of 
the errors of the peripheral zones of the pupil (see Fig. 3C and Fig. 6). In VD and MS 
errors rapidly increased to the edges of the pupil, in VD apparently symmetrically to 
all sides. In MS in both eyes the aberration was especially great in the temporo-lower 
quadiants. In MB the errors at the margins were relatively minor and not symmetrical. 
The upper eyelid covered part of the pupil in VD III, the lacrymal fluid noticeably 
thickened the error plate close to the edge of the eyelid. 

The effect of accommodation on wave aberration was not investigated in detail. 
The results of the few experiments performed add up to the following: when increasing 
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strong negative lenses are inserted in front of the eye, the refracting power of the eye 
increases but by a smaller number of diopters. The eye, looking at a virtual image of 
the test-object removed more than | m, is over-accommodated. If this image was 
closer to 0-5 m, then the eye was unaccommodated. In VD, for exemple, for an object 
at infinity the refraction was greater than the optimum by ~ 0-35 diopters and at 
a distance to the object of 33 cm there was lack of refraction of ~ 0-35 diopters. (Fig. 4). 

On increase in accommodation the rise in the optical power of the peripheral zones 
was not found to lag behind, as compared with the central ones. 


DISCUSSION 


The technique described here is similar to that used by Ivanoff in his research into 
“spherical” aberration [6, 11]. We shall compare the methods and the results gained. 

If we disregard the fact that Ivanoff measured only the horizontal component of 
the lateral aberration and only for points on the horizontal diameter of the pupil, the 
most essential difference in the methods of measurement is that in the present work the 
image of the lines AA and BB of the test object (see Fig. 2a) was formed by wide beams 
(all the pupil) of light. The presence of wide light beams coming from the details of 
the field of vision on which the subject focussed his attention at the moment of setting 
the cross wires reduced the depth of definition of the eye, the fluctuation in accommo- 
dation and hence the scatter in the settings of the cross wires. 

In the case of Ivanoff the images of both lines which the subjects had to set on one 
straight line were formed by narrow light beams —about 0-5 mm in the plane of the 
entry pupil. 


This apparently explains the large discrepancy between the changes in refraction and 
the changes in the accommodation stimulus in Ivanoff’s experiments. On average, 
according to experiments in 1946 [6] on change in the accommodation stimulus by 
3 diopters, the refraction of the eye changed by only ~ 1 diopter and according to 
the data of 1953 [11] by 1-7 diopters. In our subjects with change in the accommodation 
stimulus by 3 diopters the refraction changed on average by 2-4 diopters. 


Ivanoff inferred from his measurements a close dependence of “spherical” aber- 
ration on accommodation. Westheimer after examining Ivanoff’s method and carrying 
out checks showed in a short note [12] that this conclusion is unwarranted and does 
not follow from Ivanoff’s experiments. Ivanoff agreed with the arguments of Wes- 
theimer [13]. 

Despite the incomplete information on aberration of the eye gathered by Ivanoff 
the direct results of his measurements given in the form of graphs in paper [11] provide 
information as to which cross sections of the error plates are encountered often and 
which seldom. Ivanoff plotted the values of A, the distance of the point of entry of 
the test beam into the eye from the achromatic axis of the eye and A, the ratio of the 

é(x) 


lateral aberration to this distance. In our notations A = x and A = ——. The curves 
x 
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t=x 
I(x) = \ A(t)tdt computed from them are presented in Fig. SA. It is clear that they 
0 


are not distinguished at all among the other cross sections (Fig. 5, B and C). Thus the 
experimental results of Ivanoff do not conflict with ours and apparently are typical 
of emmetropes. 

From the results of Ivanoff [11] it also follows that on change in the refraction of 
the eye as a whole by 1-7 diopters for any two zones of the pupil the changes in refrac- 
tion differ (on average for ten eyes) by less than 0-1 diopters, i.e. no great changes occur 
in spherical aberration but only the degree of defocussing of the eye changes. 
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Fic. 5. A, sections of plates of errors. Calculated from 
data of Ivanoff (11) (along Ox for 8 eyes with acco- 
mmodation of 1-5 diopters); B: a—g, sections of plates 
of errors. According to our data, for observers with 
relatively small aberrations. Sections with most variable 
curvature, h, probable error; C, same as B, for eyes 
with large aberrations; D, repetition of results. Sections 
of plate errors of left eye of MS from measurements in 
January 1955—October 1957. From top to bottom: MSI, 
MSIII, MSII, MSVI; a, +45°; b, —15°. 








2mm 





The reliefs of plates of eye errors of most of the eyes investigates are complex, 
however some of them are close to surfaces of the second order i.e. to a cylinder (see 
VTI, VDI, MBI, IK1) or to a hyperbolic paraboloid (PII, Drl). In these cases the aber- 
ration may be approximately characterized by the curvatures of the two main cross 
sections and the direction of one of them. For these eyes columns 9 and 10 of the table 
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indicate the excesses of refracting power of the eye along two mutually perpendicular 
diameters of the entry pupil and in column 8 the angle between axis Ox and one of 
these diameters. 

The errors of the other eyes cannot be described in terms of “defocussing” or 
“simple” astigmatism. They, as a rule, are essentially non-symmetrical; if from /(x, y) 
we separate the centrally symmetrical part /(r), the non-symmetrical residue / (x, y)— 
—/(r) will often not be less than /(r) mean square deviation from the plane. This result 
is not new. It was long ago noted that so-called “spherical aberration” of the eye is 
in fact not symmetrical [4, 14, 16]. 

A striking feature is the insignificance of the value of aberration for wide pupils 
as compared with the aberrations of uncorrected optics, for example, with the aberration 
of the schematic eye of Gulstrand. The plate of errors of the latter has an optical thick- 
ness close to / 1 = 0-094 r‘ mm. This gives for r= 4mm, / = 24. In the persons 
investigated such a value of wave aberration was reached only in the lower temporal 
quadrants of both eyes of MS (see Fig. 3 B and C and Fig. 6). 
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Fic. 6. Comparison of aberrations of eye for wide pupils with spherical aberration of Gulstrand’s 


schematic eye. Dotted line next to f, aberration of Gulstrand eye; a, optical thickness of lens 0-25 diop- 
ters; b, MBIII; c, OOI; d, VDIII; e, VRII; f, MSIV (x) and MSV (0). 


How can wave aberration of the eye be related to visual acuity? It is obvious that 
the large aberrations are bound to be accompanied by fall in visual acuity. The short- 
comings of optics plainly restrict the visual acuity of persons who are helped by wearing 
spectacles. And in fact in astigmatism of > 0-5 diopters, visual acuity is lower than 
normal (see, for example, IKI, DrI). 

On the other hand, it is clear that visual acuity may also be restricted not only by 
the deficiencies in optics but also by the crudity of the mosaics of receptors, insufficient 
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“resolving power” of the conducting pathways or central sections of the nervous 
system. 

For not very great aberrations there does not seem to be a hard and fast relation 
between the size of the aberration and visual acuity. If we compare the plates of errors 
of MBI and OOI with those of VRII and VTI (Fig. 3 D and E) then we see even without 
calculation that the last two eyes have less aberrations. However the visual acuity in 
MB and OO is greater than in VR and VT (see Table). 


TABLE 1 


ae ; 10 
Optical pow- 

er of error | Same as 9, 
" plate in diop- | along second 
first cross- ; 

( ters along first) cross-section 
section Ox : 

cros-section 


|W 


Angle 
between | 


Whether 
atropine used| 

in front of ja 
observer 





1-6 


VR il R 1.1 
oo I R 1-6 
ft R 1-1 
Pil R 1-} 


* For r < 2°5 mm. But for r- 3-3-5 mm, error +20 diopters. 


We have the impression that high visual acuity is possible also for large wave aber- 
rations provided that not far from the centre of the pupil there is a flat—with an accuracy 
of up to +A/4—zone with a diameter of not less than 2-2-5 mm (see MSIL, MSV, 
OOT). On the other hand, a low value of aberration does not guarantee particularly 
high visual acuity (VDI and Il, DrIl, V RII). 

Van Heel [17] attempted to improve visual acuity by placing before the eye lenses 
correcting spherical aberration. He did not measure spherical aberration and used 
the data obtained by Ames and Proctor [5] on other subjects. Van Heel also used 
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weaker and stronger lenses but did not secure an improvement. With a very strong 
lens visual acuity fell. 

Such a result is not surprising if we remember that firstly only in a few persons with 
normal visual acuity can aberrations be substantially reduced by central-symmetrical 
lenses and secondly apparently only in a few emmetropes does wave aberration restrict 
visual acuity in normal conditions. For the case of low contrast objects or vision with 
very wide pupils wave aberration probably lowers visual acuity in most persons. 

In principle, it is possible to manufacture a lens compensating the wave aberration 
of the eye in the complex form of the plates of errors. The lenses must obviously be 
contact ones. Otherwise, even small turns of the eye will produce sharp increase in 
aberrations of the system. 

The method applied in the present work of determining the wave aberration is 
quite laborious; although the measurement can be taken in 1-2 hours, the calculations 
take 10-12 hours even using the integrating electrical model. 

Therefore, it is unlikely that such detailed measurements will ever be adopted by 
practitioner-ophthalmologists. However, it seems possible to design a portable and 
operationally simple instrument for determining the errors in optics of the eye even 
if approximately, rapidly and without calculations. 

The results of the present work may be applied to calculate the distribution of light 
on the retina. These calculations have to be done for each eye separately since there is 
little point in determining the errors of the average eye; the difference of an eye chosen 
at random from the “average eye” may often be greater than the difference of the average 


eye from the ideal one. 


SUMMARY 


Owing to the asymmetry of the errors of optics of the eye determination of the 
lateral aberrations along one or two diameters of the pupil incompletely characterizes 


monochromatic aberrations. 

A method is proposed for determining the wave aberration of the eye from measure- 
ment in two co-ordinates of the lateral aberration over the entire area of the entry 
pupil. 

The results are given for 12 eyes. They are compared with those of Ivanoff. 

Wave aberration for wide pupils is usually much less than for the schematic eye 
of Gulstrand and is, as a rule, strongly asymmetrical, relatively stable in the same eye 
but essentially different in different eyes. 

Despite the very small number of eyes examined it is clear that in many cases for 
pupils with a diameter of 2-3 mm (and not very rarely for pupils with a diameter of 
4 mm) wave aberration is so small as to cause no real impairment of the retinal image. 
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THE retina is a very complex nerve formation. To use the expression of Cajal it is part 
of the brain brought to the periphery. However, despite the complexity of its structure 
definite morphological and functional elements can be distinguished in it—receptor 
fields. Hartline [1] showed that on recording impulses from a single fibre of the optic 
nerve of the frog retina the burst of pulses in response to stimulation with a light spot 
comes only from a definite small area of the retinal surface, called the receptor field 
of the fibre. Thus, the receptor field is the term used to describe the group of photo- 
receptors converging through the intermediate bipolars on to one ganglion cell. 

The receptor field sums the excitation from the photons falling within it [2]. The 
hypothesis has repeatedly been advanced that changes in light sensitivity and visual 
acuity in relation to luminosity are due to functional changes in the size of the receptor 
field. Increase in the effective area of summation, i.e. the number of receptors converging 
at a given moment into one ganglion cell must lead to a rise in light sensitivity. The 
larger the receptor field the smaller the flux of quanta it can capture and sum to a level 
corresponding to the threshold response in the given conditions of adaptation. But at 
the same time, visual acuity must decline owing to the increased size of the field and 
the consequent reduction in the number of acting fields. 


* Biofizika 6, No. 6, 704-710, 1961. 
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In fact, experiments on man have shown that the zone of complete summation 
of the foveal cones varies with the luminosity of the background and also during adapta- 
tion varies in accordance with the hypothesis considered above [3, 4]. 

However, Barlow, Fitzhugh and Kuffler [5] who determined the size of the receptor 
field of the cat retina from the threshold response of the ganglion cell, conclude that 
the size of the receptor field does not depend on the background luminosity. 

An attempt is made in the present work to show that the results given by investi- 
gating the response of the ganglion cell are not in conflict with the hypothesis of change 
in the effective size of the receptor field in the various working modes of the visual 
system. 


METHODS 


The investigations were conducted on the frogs Rana ridibunda. The isolated frog 
eye was dissected and the cornea and crystalline lens removed. The remainder of the 
eyeball was placed in a small metal chamber on cottonwool moistened with Ringer 
solution and in contact with a platinum wire serving as indifferent electrode. In some 
experiments the chamber was filled with oxygen to allow longer functioning of the 
preparation. 


i ee 
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Fic. 1. Layout of apparatus. 1, amplifier; 2, micromanipulator. Explanation in text. 


Impulses from a single ganglion cell were recorded by a microelectrode, designed 
by Byzov*, and an a.c. amplifier of a loop oscillograph. Insertion of the microelectrode 
into the retina was checked by means of the left eyepiece of a binocular microscope 


(Fig. 1). 
At the start of the experiment the position of the microelectrode on the retina was 


*The authors take this opportunity to thank A.L. Byzov for valuable technical advice. 
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such that we could record the action potentials from a single ganglion cell. This could 
be judged from the equality of amplitudes of the pulses on the cathode oscillograph. 

The right eyepiece of the microscope was used for light stimulation. The filament 
of an incandescent lamp (12 V, 100 W) was focused by condenser C on an aperture 
in the roller blind B which was controlled by an electromagnetic relay. The blind in- 
terrupted the beam of light every second for 0-5 sec. The intensity of the light beam 
could be adjusted by wedges WE and filters F. A reduced image of the aperture A was 
focused on the retina. The diameter of the light spot on the retina could be varied from 
0:06 to 2:7 mm. 

The light spot on the retina was moved relative to the microelectrode by a micro- 
meter device with a vernier with an accuracy of up to 0-01 mm. The maximum luminosi- 
ty attainable for the retina was 230 Ix. 

A total of 57 experiments was carried out. Some of them could not be completed 
owing to functional failure of the cell or sharp change in its functional state. However, 
the results for a normally functioning cell coincided in all experiments. 


RESULTS AND DISCUSSION 

In the first series of experiments the retina was stimulated with a small light spot 
of constant size, the intensity of which (luminosity on the retina) and distance from 
the electrode could be varied. Three responses were recorded for each position and each 
intensity. 
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Fic. 2. Determination of receptor field of “off-cell” by means of a small light spot. Diameter of test 

light spot 0-19 mm. Each point on graph is the mean of three responses A, number of pulses in res- 

ponse n as function of distance from electrode for different intensities of spot; B, light sensitivity in 

various parts of receptor field at different levels of excitation (number of pulses in delivery) taken as 
criterion of response. 


It follows from the results given in Fig. 2 A that on moving away from the centre 
of the field the sensitivity diminishes. This is expressed in a weakened response to 
a given intensity of the light spot when moved away from the electrode. Reduced sen- 
sitivity at the periphery of the field is also indicated by the earlier disappearance of 
a response at low intensities. 

Kuffler [6] considers this to be a result of decrease in the density of receptors con- 
verging on the given ganglion cell at the periphery of the field. However, the work 
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of a number of authors, including Kuffler himself, who have investigated the relations 
between the centre and periphery of the receptor field makes one suspect that the 
phenomenon of inhibition must also be taken into account here. 

If we look at Fig. 2 B, plotted from the findings obtained in the same experiment, 
we see that the curve on the right of this graph denotes the boundary of the receptor 
field determined as is customary from the threshold responses. In this case, the threshold 
is taken as a one-pulse response of the ganglion cell. It follows from this curve that the 
radius of the receptor field is 1-2 mm and that the sensitivity determined by means 
of a small test spot increases towards the centre of the field. 

Barlow ef al. measured the receptor field as the area on the retina from which a thresh- 
old response may be elicited. The threshold response was taken as the minimum burst 
of pulses which can still be differentiated by the experimenter against a background 
of spontaneous impulsation from the same field (in the frog there is no spontaneous 
impulsation and the one-pulse response may be taken as threshold). 

However, it may be assumed that in the actual working conditions of the visual 
system the threshold is determined by the ratio of signals coming in from adjacent 
receptor fields [7, 4]. During vision the luminosity of the various parts of retina constantly 
changes, following displacements of the image over the retina. These shifts may be 
due either to movements of the eyes or displacements of the objects themselves in the 
visual field. Therefore, it may be assumed that the threshold for a given receptor field 
is not the response which is singled out by the experimenter on the oscillograph screen 
but the difference in signals which may be detected by the brain on comparing the 


signals from the field singled out and the adjacent background fields. 
Determination of the receptor field from observation of threshold impulsation is 
permissible only for investigating absolute thresholds, when only one receptor field 
is being stimulated. Transfer of this method to determination of threshold in conditions 
of background illumination does not, in our view, reveal the true dimensions of the 


field in the given conditions of adaptation. 

It is not at all necessary to record the action potentials from the adjacent receptor 
fields. One may take as the criterion of response a definite number of impulses and 
accept this as the threshold relative to any level of response from other background 
cells. 

For example, if a three-pulse response is elicited from the isolated field it will be 
threshold when two or four pulses come from the background fields. (Of course, this 
example is a crude simplification. In reality, on separation of the signal against a back- 
ground one must bear in mind the fluctuations and introduce a statistical criterion for 
detection. However, this is not essential for our discussion). 

These assumptions formed the basis for determining the boundaries of the receptor 
fields with different response criteria. From Fig. 2 B it follows that with an increase in 
the criterion of detection, the size of the receptor field progressively shrinks. Thus, if as 
criterion of detection we take the level of excitation as four pulses, then the radius 
of the receptor field falls to 0-07 mm. For three pulses it is 0-5 mm and for two 0-88 mm. 
Thus, the size of the field is determined by the level of its excitation. Whether this 
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level is threshold, i.e. whether or not discrimination occurs at the threshold, depends 
on the level of excitation in the adjacent background fields. 


These arguments omit the possible interaction of the individual receptor fields 
which must be expected from the latest experiments of Hartline [8]. However, we may 
suppose that the latter will affect only quantitatively the ratio of levels of excitation 
which determine the threshold. 

The experiments discussed have a serious shortcoming. They were concerned with 
separate parts of the field and consequently, do not give the full picture of the field 
as they ignore the mutual influences of one part on another. It is known that re- 
sponse to light of the whole receptor field is not equal to the simple sum of the re- 
sponses of its separate parts [9]. 
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Fic. 3. Determination of receptor field of “on-cell” by light spots of different 

size. Each point is the mean of three responses. A, number of pulses in response 

n as function of intensity, J and diameter of spot, S; B, threshold energy as 
a function of area of light spot for different criteria of response. 


Therefore, a second series of experiments was undertaken in which the light spot 
was not moved over the retina but only its size and intensity were changed. Such experi- 
ments are more in line with the normal conditions of the eye. 

Fig. 3 A gives the results of one experiment on the cell with the “on’’-effect (“on- 
cell”). It is clear that the increase in the response with increase in intensity of the stim- 
ulus is more rapid for small areas of the light spot. With increase in the area of the 
stimulus, augmentation of the response is retarded. This delay is apparently the result 
of inhibition becoming more intense with increase in the area of the spot and stimulation 
of the peripheral parts of the field [9, 10]. If there were no inhibition then the curves 
relating the number of pulses in the response to the intensity would run parallel and 
saturation would be reached for lower intensities in the case of a large test spot. 

In Fig. 3 B the relation between the threshold amount of light JS and the area of 
the stimulus S is plotted from the results of this experiment. Threshold light flux is 
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understood here as the energy required to produce a particular level of response measured 
by the number of pulses. This level may be threshold for a certain background. 

Each curve in Fig. 3 B consists of two parts of different slope. The lefthand slope 
is equal to zero, which is suggestive of complete summation within the given area. 
As the figure shows, the size of the zone of complete summation regularly diminishes 
with increase in the response criterion. (The quantitative discrepancy in the size of 
the receptor field determined in experiments of the first and second series is merely 
apparent. If we recalculate the data in Fig. 2 B so as to determine the zone of complete 
summation, as is done in Fig. 3, this discrepancy is eliminated). 
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Fic. 4. Determination of zone of complete summation in fovea centralis of human retina for different 
intensities of background. According to Glezer [4]. 


A 45° slope of the righthand part of the curve indicates complete absence of sum- 
mation, i.e. that increase in the area of the stimulus does not alter the effect. The total 
absence of summation outside the zone of complete summation was observed in these 
experiments only for sufficiently high levels of excitation of about 7-8 pulses. For 
smaller response criteria, residual summation exists outside the zone of complete 
summation, suggesting incomplete inhibition in these conditions. Similar results were 
obtained for the cell with the “off”-effect (“off-cell”). 
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These curves may be compared with those in Fig. 4 obtained in psycho-physical 
experiments on man [4]. In these experiments the relation was studied between the 
size of the zone of complete summation for the foveal cones and the brightness of 
the background. 


In experiments on the frog we recorded the action potentials directly from the 
exit cells of the receptor field. This allows the receptor field to be regarded as a photo- 
meter giving absolute readings of intensity. A definite value of reading was taken as 
criterion of excitation from which the zones of complete summation were established. 
If the human visual system in psycho-physical experiments could measure the absolute 
brightness, then the size of the zone of complete summation could be measured in 
the same way as in experiments on the frog. However, the human visual system is only 
a comparison photometer. Therefore, we are compelled, because of inability to meas- 
ure directly the value of excitation in the test receptor field, to do this indirectly by 
comparing the levels of excitation of the field singled out and of the background. But 
in this case also the size of the field is ultimately determined by the level of its excit- 
ation. 


One cannot help noticing the surprising similarity between Figs. 3 B and 4. It is 
manifest both in the reduction in the zone of complete summation and the incomplete 
summation outside this zone with increase in the criterion of excitation in experiments 
on the frog or with increase in the brightness of the background in human experi- 
ments. 


The regular changes in the effective size of the receptor field of the frog retina like 
those of the zone of complete summation in man can be obtained only if we assume 
that the level of excitation is determined by the number of pulses in the response. We 
cannot determine the receptor field, or reveal its changes, by calculation based on the 
initial or final frequency of impulsation, the length of the mean interval between pulses 
nor from the latent period. Therefore, it may be assumed that the level of excitation 
of the functional unit of the retina—the receptor field—is coded by the “delivery” 
number of pulses. 


Let us compare this conclusion with the hypothesis previously advanced by one 
of us [4] according to which the nervous apparatus of the visual analyser may be regarded 
as a tracking system in which there is constant agreement between the luminosity of 
the receptor field and its size (in the more general form—the degree of its inhibition). 
When there is agreement, pulses do not arrive from the field or a background discharge 
is maintained. Change in the luminosity of the field produces a flow of pulses to the 
higher sections of the visual analyser and at the same time by means of intraretinal 
feedbacks and a process of inhibition rearranges the field, bringing it in line with the 
new level of luminosity. At the moment of agreement impulsation is disrupted. Con- 
sequently, information on the new state of the field corresponding to the new level 
of luminosity is a function of the time of transformation (which is equivalent to the 
moment of termination of impulsation) and must be transmitted either by the duration 
of the impulsation or by the number of pulses in the “on” or “off”-response. 
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SUMMARY 


(1) The receptor fields of the frog retina have been investigated in two series of 
experiments by the method of recording action potentials from a single ganglion cell. 
In the first series, the response was recorded on stimulation of various parts of the 
field with a small test spot of varying intensity. In the second, both the intensity of the 
stimulus and its area were varied. 

(2) The size of the receptor field, determined from the fixed threshold response, 
corresponded to published findings. However, if we accept the hypothesis that visual 
discrimination is achieved by comparing the signals from adjacent receptor fields, 
then increase in the luminosity of the background receptor fields must for discrimination 
lead to the use of a higher level of impulsation from the isolated field. In fact, if we take 
as the criterion (a criterion threshold for the given background) the value of 2-3, ... n 
pulses per response a progressive reduction is seen in the effective size of the receptor 
field with increase in the response criterion. This phenomenon is connected with de- 
veloping inhibitory processes in the retina. The mechanism in question may be one 
of those responsible for increasing visual acuity with increase in luminosity. 

(3) Comparison of the experiments on change in the receptor fields in man and 
the frog suggests that the intensity of the stimulus is coded not by the frequency of 
impulsation but by the number of pulses in a single delivery. This conclusion confirms 
the assumption [7] previously put forward on the basis of theoretical ideas that discrim- 
ination in the visual system is associated with comparison of discrete numbers, 
namely, the number of pulses in the individual neurones. 
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IN electrophysiology wide use is made of rhythmic light stimulations producing in the 
electroencephalogram (e.e.g.) a rise in the amplitude of the individual frequencies 
and harmonics corresponding to the given rhythm. The magnitude of these reactions 
depends not only on the individual peculiarities of the brain of the subjects but also 
on the physical characteristics of the light flickers among which of great importance 
is the ratio of the duration of light to dark in the rhythmic stimulus. Different photo- 
stimulator designs give light flashes differing both in duration and other parameters; 
hence, the lack of agreement in the findings of different workers on the size and range 
of frequencies reproduced by the brain. It has been reported in the literature that the 
duration of the light flashes affects the value of the rhythm of the stimulus taken over 
by the brain [1l, 2] but no-one has investigated this problem systematically. 

In the present work we have studied the effect of the duration of the separate flashes 
of rhythmic light and the intervals between them on the amplitude of the frequencies 
reproduced by the brain within the range of from 4 to 60 per sec. 

For analysing the encephalogram we employed a Grey-Walter harmonic analyser 
in which we tuned some of the filters to separate out the high-frequency potentials 
from the e.e.g. 

The mechanical photostimulator ensures practically rectangular shape of the light 
stimuli not changing whatever the intensity of the flickers. Five interchangeable ro- 
tating discs with sectors interrupting the light beam produced different ratios of duration 
of light to dark: 1:9, 1:3, 1:1, 1:0-3 and 1:0-09. A detailed description of the modified 
Grey-Walter analyser and the mechanical photostimulator was given in our paper [3]. 

The rhythmic light in the form of a circle fell onto a white screen visible at an angle 
of 95°. The light reflected by the screen was measured at the level of the subject’s eyes 
by an antimony-caesium photoelectric cell with subsequent amplification of the photo- 
current. The luminosity on the pupil was determined for the 1:1 ratio of duration of 
light to darkness. 
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The subject was in a semi-supine position in a dark, screened room. The light stim- 
ulus was used for 50 sec after which the subject rested for a few minutes. The e.e.g. 
was recorded from the occipital part of the brain with unipolar recording. 

The experiments were treated only for the data of the analyser averaged over 50 
sec; account was taken of the non-rectilinear relation between the deviation of the 
pen of the analyser and the signal of given frequency. The e.e.g. was used as an indicator 
of the absence of artifacts distorting the frequency spectrum. 

Seven subjects aged from 18 to 30 years took part in the experiments: they were 
found to reproduce the rhythm of light flickers at a frequency of up to 72 and more 
per sec. 

Two sets of experiments were run. 

In the first, the duration of the light flashes was changed together with change 
in the brightness of the screen with the result that the light energy of the separate flashes, 
equal to the product of their brightness and duration, remained constant for a given 
frequency. 





Fic. 1. Effect of duration of light flashes on the amplitude of the frequency of the stimulus reproduced 

by the brain A, in dark (background), B, C and D, during action of light flashes (9 c/s) of equal light 

energy and for a ratio of duration of light to dark: B, 1:0-3; C, 1:1; and D, 1:9. Luminosity on pupil 

F Ix. 1, e.e.g., 2, 9 c/s frequency separated out from e.e.g. by analyser filter ; 3, pen recording of analyser. 

Height of separate peaks reflects amplitudes of different frequencies of e.e.g. averaged over 50 sec. 

Subject D. A. Experiment on 10 December 1960. A sharp rise can be seen in the amplitude of the 
9 c/s rhythm reproduced by brain on shortening the duration of the flashes. 


In these experimental conditions, the duration of the light flashes was found to 
affect the amplitude of the frequency reproduced by the brain (Fig. 1). The minimum 
amplitude was observed when the duration of the flashes was longest and the interval 
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between them the shortest. Shortening the flashes with a corresponding increase in 
the length of the intervals caused the amplitude of these frequencies to rise. This was 
observed on change in the ratio of the duration of light to dark from 1:0-09 to 1:3 
and was most conspicuous at average frequencies of 20-30 c/s which in general are 
better reproduced by the brain. With a further reduction in this ratio from 1:3 to 1:9 
the amplitude of the high-frequency rhythms (60 c/s) reproduced by the brain started 
to fall with a smaller rise in the amplitudes of the lower frequencies. 

The relation described is well illustrated by Fig. 2. It was observed for all subjects, 
the only difference being in the varying height of the curves above the background. 
The maximum amplitude of the average and high frequencies (20-60 c/s) reproducible 
in the e.e.g. was observed for all subjects when the duration of the flashes of the relevant 
frequency lasted 3-5 msec (Table 1). The amplitudes began to fall with a reduction 
in the duration of the flashes to 1-66 msec (at a flicker frequency of 60 c/s). 


TABLE 1 





Duration of flashes and intervals (msec) for a ratio of the time of light to dark of; 





| of flashes, c/s| 


1:9 bs 1:1 1:0°3 1:0-09 


Flash | Interval | Flash | Interval | Flash | Interval | Flash | Interval | Flash | Interval 


| Frequency 





180 100 100 150 50 
50 50 75 25 
25 25 37°5 12:5 
16°66 | 16°66 25 8-33 
8:33, 8-33 12:5 4-16 





Thus, the optimum duration must be about 3—5 msec to obtain maximum amplitudes 
of the average and high frequencies of the stimulus reproduced by the brain in condi- 
tions of equal and sufficiently high light energy of the separate flashes. 
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Fic. 2. Relation between amplitude of frequencies reproduced by brain and duration of light flashes 

of equal energy A, average data of all experiments for all subjects (1959-1960); B, results for sub- 

ject K. Yu. (1960). 1, light; 2, darkness. Abscissa, light to dark ratio; ordinates, ratio of amplitudes 

of different frequencies reproduced by the brain to their background (in darkness) value taken as 
unity. Frequencies and value of luminosity on pupil indicated on curves. 
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The duration of the shortest flashes at lower frequencies was 10-20 msec in our 
experiments. Such flashes elicited in many subjects a maximum amplitude of the re- 
producible rhythms as shown by the inflexion of the curve in Fig. 2 A. However, in 
some subjects this duration was not optimum and the rise in the curve continued (Fig. 
2 B). In such persons the greatest amplitude of the low frequencies reproduced by the 
brain must obviously occur for shorter flashes. 

No less interesting is the effect of the duration of the interval between flashes on 
the value of the frequencies reproduced by the brain. It is known [4, 5, 6] that the 
human and animal brain can give separate responses to two flashes of light for an 
interval between them of not less than 70-100 msec. However, Makarov’s experiments 
on phosphene [7] and the various investigations with reproduction by the brain of 
the rhythms of light flickers with a frequency of 30 and more per sec have shown that 
if we deliver not two but a set of flashes, the functional mobility of the visual analyser 
increases during the rhythmic activity and gives per unit time a larger number of responses 
for shorter intervals between them. 
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Fic. 3. Relation between amplitude of frequencies reproduced by brain and duration of flashes of 
equal intensity. A, average data of all experiments for all subjects (1959-1960); B, results for subject 
K. Yu. (1959-1960). Remainder as in Fig. 2. 


Our experiments show that the increase in the functional mobility of the visual 
analyser during rhythmic stimulation may be considerable. For light flashes of equal 
energy the maximum amplitude of the average and high frequencies reproduced by 
the brain was observed for interval durations of 12-30 msec. Consequently, intervals 
of 12 msec are quite long enough to elicit a maximum response of the brain to high 
frequencies of light flickers. 

In the series of experiments considered above, the amplitude of the brain-assimi- 
lated rhythms was investigated for equal energy of the flashes, i.e. in conditions in 
which the intensity of the flickers varied. However, in physiological experiments using 
rhythmic stimulations use is made of their equal intensity. Therefore, we ran a second 
series of experiments in which the duration of the flashes varied with the energy and 
the brightness for a given flicker frequency remained constant. The light energy was 
least for the light to dark ratio of 1:9 and greatest for the ratio 1:0-09. 
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TABLE 2 





Frequency | Luminosity | Duration, 
(c/s) (1x) (msec) 


5 50 
10 25 
20 25 
30 17 
60 12-5 


The results of this series are given in Fig. 3. In these conditions of stimulation 
the greatest value for the low frequencies (4-12 c/s) reproduced by the brain was ob- 
tained for a light to dark ratio of 1:3; for average frequencies (20-30 c/s) 1:1; and for 
high frequencies (60 c/s) 1:0-3. The duration of the flashes at frequencies of 4-6 c/s 
was of the order of 50 msec; at 9-12 c/s of the order of 25 msec; at 20-30 c/s it was 
17-25 msec and at 60 c/s 12-5 msec (see Table 1). Increase or decrease in these durations 
led to fall in the amplitude of these frequencies in the e.e.g. Table 2 gives the intensity 
and duration of the light flashes at which the maximum amplitude of the frequencies 
reproduced by the brain was observed in this series. 

Analysis of the table shows that the intensity and duration of the flashes were 
inversely proportional: the shorter the flashes the greater must be their intensity. Thus, 
to maintain the optimum amplitude of frequencies reproduced by the brain with short- 
ening of the duration of the flashes from 50 to 12:5 msec, i.e. four times, the luminosity 
of the pulsating light must be increased by a similar factor —from 2 to 10 Ix. 

Consequently, in experiments using rhythmic light stimulation account should be 
taken of the energy of the separate flashes and not their total intensity. Possibly this 
explains the well-known fact that the maximum amplitude for low frequencies (as 
compared with high ones) reproducible in the e.e.g. is observed for a lower intensity 
of the flashes as they last longer. 

This enables us to understand the difference in the course of the curves plotted 
from the results of the first and second experimental series (Figs. 2 and 3). In the first 
series the values of the duration of the flashes and of the intervals are seen in purer 
form as the energy of the flashes for the different durations was identical. In the second 
series, with a light to dark ratio of 1:9 and 1:3 the light energy of the separate flashes 
was less and for a ratio of 1:0-3 and 1:0-09 greater than in the first series. Therefore, 
for short flashes the amplitudes of all the frequencies reproduced in these experiments 
were relatively small and the maximum amplitude was observed for longer flashes 
and shorter intervals. Thus, in the second series at a flicker frequency of 60 per sec 
the human brain gave a maximum response to each light flash with an interval between 
them of only 4-16 msec. Our previous experiments had shown that the intervals between 
flashes were reproduced by the human brain at even higher flicker rhythms (120-160 
per sec) (8, 9). At intervals of 1-66 msec the brain gives a response but it is weaker. 
However, if we increase the light energy of the flashes a high amplitude of the assimi- 
lated rhythm can be obtained for the shorter intervals (Fig. 3B): 60 c/s —5Olx. 
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As is known, flickering light causes a rise in amplitude in the e.e.g. not only in the 
frequencies coinciding with the rhythm of the stimulus but also in the amplitude of 
those frequencies which are a multiple of the stimulus (harmonics) which indirectly 
reflect the complex form of the response potentials of the brain. The duration of the 
flashes and of the intervals also has a regular effect on the value of the harmonics of 
the assimilated rhythms. An example of such an effect is given in Fig. 4. The different 
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Fic. 4. Effect of ratio of duration of light to dark on the ampiltude of the harmonics. Subject 

K. Yu. A, first series of experiments (23 December 1959; B, second series (27 November 1959). 

1, amplitude of assimilated rhythm of 12 flickers per sec; 2, amplitude of harmonics. Remainder 
as in Fig. 2. 


ratio of the amplitudes of the harmonics for differences in the durations of the flashes 
and intervals suggests that in our experiments together with change in the amplitude 
there is also change in the shape of the brain potentials on assimilating the rhythms. 


Thus, the results of both series of experiments show that change in the duration 
of the flashes and of the intervals between them has an appreciable effect on the ampli- 
tude and shape of the response potentials of the brain. Therefore, in physiological 
experiments on reproduction by the brain of the rhythm of light flickers it is necessary 
to take into account not only the frequency and intensity of the stimulus but also 
the duration of the flashes and intervals between them. 
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THE idea that the sound image in the human brain, like the visual one, lasts (“fades”) 
much longer than the sound producing it was propounded and experimentally tested 
long ago [1, 2]. The idea of a certain stability of auditory sensation led to measurement, 
of its duration [3] and the duration of fading [4], to measurement of the relation between 
the loudness of the sound and its duration [5—7] and to measurement of the increased 
overall loudness of interrupted tonal pulses [8]. Direct evidence that after withdrawal 
of the sensory stimulus the sensation produced by it still continues was offered by 
Makarov [9-11] in experiments on the skin and visual analysers. He discovered a 
“back influence” of a second potent stimulus on the threshold of the first and attributed 
it to incomplete integration of the sensation induced by the first stimulus, the initial 
unstable phase of which he termed “presensation”. Back masking of the first tone 
by the second at intervals of less than 10 msec was first described by Miller [12], to 
be followed by our work on the direct and back influences of electrophonic and tonal 
stimuli at intervals from 1-2 to 100-600 msec [13-17], then the work of Samoilova 
[18-20] and recently, Chistovich and Ivanova [21] and Pickett [22]. Samoilova in her 
papers expresses views similar to ours. 

Chistovich and Ivanova [23] criticise the point of view adopted by Makarov 
Samoilova and myself on the origin of the back influences of the second stimulus on 
the perception of the first. Starting from the hypothesis of Stroud [24] the authors 
regard back masking as the inevitable consequence of discreteness of perception peculiar 
to the human brain. This hypothesis can be roughly represented as follows: in the 
brain there is a certain time marking mechanism; it works with a rhythm of 8-10 per 
sec. This enables one to measure a psychological unit of time called by Stroud a “mo- 


* Biofizika 6: No. 6, 717-724, 1961. 
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ment” (many foreign workers point out that the most apt term for this minimum 
of psychological time is the Russian word mig) which is equal to 1000 msec 8-10, i.e. 
100-120 msec. According to Chistovich and Ivanova it is impossible to discriminate 
the loudness of two sounds with an interval between them less than the “moment” 
i.e. 100-120 msec. The question arises as to what determines the duration of the “mo- 
ment” as a “psychological” unit of time and why it equals 100-150 msec. 

We have discovered a fact which in our view clearly indicates that the duration 
of excitation in the auditory system considerably exceeds the duration of a sufficiently 
short sound stimulus. 

When two tones of identical frequency separated by intervals from 0-6-200 msec 
are heard, a very distinct shortening of the first tone can be readily detected both when 
its intensity is threshold or well above threshold. This phenomenon can be readily 
demonstrated in the inexperienced hearer, this was done for no less than 10 subjects. 
although for precise measurement, persons highly trained to discriminate the qualities 
of short sounds were investigated. It is surprising that shortening of the first tone 
under the influence of the second has not been described before; apparently, the authors 
confine themselves to measurement of the threshold of detection. 

The present work is devoted to investigation of the perceived shortening of the 
first tone under the influence of a second tone. 


METHODS 


The source of sound stimulations was provided by two ZG-10 sound generators 
forming, together with an electronic key, an electronic sound stimulator which enabled 
us to vary the frequency, intensity and duration of two tones and also the intervals 
between them. The duration of the tones and intervals was periodically checked by 
means of a ENO-1 single sweep oscilloscope. The rise and fading of the tones was 
almost instantaneous. The interval was measured from the end of the first tone 
to the start of the second. 

The experiments were carried out on four trained persons. The subject was in 
a silent, insulated room and heard the sounds delivered monaurally through a TD-6 
electrodynamic telephone. 

Description of experiment. The subject received two tones both of 1000 c/s each, the 
first, the test one was variable and the second, the influencing one was constant, with 
an intensity of 100 dB relative to 0-0002 bar and a constant duration of 400 msec. The 
pairs of sounds and single sounds were supplied rhythmically, in sets, once every 6 sec. 

The duration of the first test tone was 5, 10, 20, 50, 100, 200 and 400 msec and the 
intervals were 0-6, 3-0, 7, 36, 86, 170, 400 and 1000 msec. The subject was told to con- 
centrate on comparison of the duration of the first tones paired with the second, with 
its duration in silence, without paying attention to the second strong tone. The threshold 
of detection of the first tone of given duration was measured (“threshold of back 
masking”) and then its intensity (or duration) increased to the level at which the subject 
stated that the tone lasted as long as it really did. 
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RESULTS 
For all the subjects back masking in terms of estimating the duration of the tone 
was incomparably more strongly expressed than from the threshold of detection (Table 


1 and Figure). At the threshold of detection a scarcely perceptible sound is heard owing 
to its brevity, often hollow, atonal, similar to the sound of the podding a pea or the 
sound of yawning (but not like a crack). This sound is so rapid and transient that its 
perception requires a high degree of training; therefore, great discrepancies between 
the various subjects for the thresholds of back masking are not surprising [18]. The 
more the first tone was amplified, the longer it was said to last, but it continued to remain 
greatly shortened over a wide intensity range. 

If the interval between tones did not exceed 40—50 msec, then the first tone with 
a duration of 5, 10, 20 and 50 msec was heard as a slightly shortened one, even when 
amplified 90 dB above threshold (Table 1 and Figure). The incompleteness of curves II 
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Relation between assessing shortening of first tone and its intensity and interval before second tone. 

Abscissa, interval between tones in msec: ordinate, amplification of first tone in dB compared with 

threshold of sensation in silence. Intensity of second, constant, influencing tone 100 dB relative to 

0:0002 bar (94 dB above threshold), duration 400 msec. a-c, data for duration of first tone of 5-50 and 

400 msec respectively. Curve I characterizes threshold of detection, answer “first tone extremely 

shortened”; curve II, answer “first tone slightly but clearly shortened”; curve III, answer “first tone 
as itself”. Mean data of first subject (normal hearing). 


and III towards a reduction in the interval (see Fig.) indicates that the limit of short- 
ening of the first tone of given duration cannot be measured. Thus, a relatively long 
first tone (100-200 msec) was heard as a distinctly shortened one over a wide range 
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of intensities, if the second tone followed it sufficiently rapidly, after 36-86 msec (see 
Figure and Table 1). 


TABLE 1. BACKMASKING IN dB ABOVE THRESHOLD ACCORDING TO CRITERION OF DETECTION OF FIRST TONE (a) 
AND ACCORDING TO MINIMAL INTENSITY OF FIRST TONE (6) AT WHICH IT WAS ASSESSED AS EQUAL IN DURATION 
TO SINGLE TONE (MEAN DATA FOR THREE SUBJECTS (M + oc) 


Duration Interval between tones (msec) 
of first 


tone, 
86 170 400 
msec 


124 52 L 2-5 4423 
+ 7-3(35) 4 3-2(35) 10 + 2-1 
3-3 + 2-1 + 33 4423 
- 90(30) + 3-4(25) + 5-2(25) 14+ 5-0 
8421 + 2-7 L 2:5 L 1:8 
. 90(70) - 90(40) + 20-5(35) | 37 + 20-3(25) + 12-3(20) 
10 + 21 8 + 1-2 L 1-6 1-8 2409 
100 90(25) 80 + 10-5(25) | 54+ 14-5(20) + 10-3(20) + 10-2(20) 
6 +43 4141-2 2541-9 4416 0412 


200 
b 60 + 10-2 30 + 42 11+21 + 2:4 +32 


Note: a, reply “first tone extremely shortened” (corresponds to curve I in Figure); 5, reply “first 
tone as itself” (corresponds to curve III in Figure); Numerals in brackets, intensity of first 
tone characterized by reply “first tone slightly shortened” (corresponds to curve II in Figure). 


Perception of shortening of the first tone is more weakly expressed, the less intense 
the second influencing tone. However, at short intervals (15-20 msec) even moderate 
intensities of the second tone (40 dB above threshold) for which the threshold of de- 
tection scarcely differed from the threshold in silence led to perception of a sharp 
shortening of the first tone over a wide range of intensities. 

Direct measurements of the value of interest to us were necessary to answer the 
problem of the difference between the physical and perceived duration of short tones. 
For this purpose we directly measured the duration which the first tone must have 
for it to be heard as an unshortened one when paired with a second. We hoped that 
we would thus measure a value close to the true duration of auditory sensation. The 
first tone was sufficiently intense—80 dB above threshold to reduce to a minimum 
the latent period of its detection. The durations of the first tone investigated were 10, 
20, 50, 100, 200 and 400 msec. We have still been unable to investigate durations shorter 
than 10 msec when the tone is perceived as a complicated click since measurement of 
the tonal characteristics of sound when it is lengthened or shortened changes the cri- 
terion of estimation of the duration in that the subject may go by change of pitch. 

A second tone, constant in intensity, 90 dB above threshold, again served, as it 
were, as a barrier limiting the duration of the process induced by the first tone. The 
subject as in the experiments described above, compared the duration of the first tone 
of constant intensity of 80 dB above threshold at intervals from 0-6-1200 msec and 
a second tone with a duration unchanged from the separately presented tone of the same 
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intensity. The duration of the first tone was increased until the reply “first tone is 
shorter” was replaced by the reply “the first as itself” and the reply “first tone as itself” 
by the reply “first is longer”. In these experiments with direct measurement of duration 
of the first tone we were able to obtain much more accurate results than when in order 
to elicit an answer on the equality of duration the intensity of the first tone was increased 
and the duration kept constant (see Figure and Table 1). A more precise reply was also 
facilitated by presentation of a duration exceeding the one sought (reply “first tone is 
longer”) than we could obtain by varying the intensity alone. 

The results are presented in Table 2. For a tone of each duration the measurements 
for intervals from 0-6 to 36 msec are combined and averages derived for the minimum 
values (replacement of the reply “first is shorter” by the reply “first as itself”) and 
maximum values obtained (replacement of the reply “first as itself” by the reply “first 
is longer”). 

As Table 2 shows, for the first tone with a duration of 20 or 50 msec, combined 
with a second tone to appear as unshortened (as compared with silence) it had to be 
lengthened 5-7 and 2-4 times respectively. The shorter the tone, the more it had to 
be lengthened in order to be assessed as equal to a standard duration. A tone of 100 
msec had to be lengthened 1-3-2 times in order to match its duration, when sounded 


TABLE 2. COMPARISON OF DURATION OF FIRST TONE RESTRICTED BY SECOND TONE AT SHORT INTERVAL 
AND DURATION OF STANDARD TONE 


_ t 


Duration of first 


tone, likened to 


Duration of Duration of mat rene likened Ratio of standard, at in- 
to standard, at intervals of 0:6 


Subject standard tone, 36 a , 4 likened tone tervals of 240 to 
t se- 

msec - Pp pra es ane standard 1200 msec be- 

cond tones M + o msec ten tot ent 


second tones 


Maximum Minimum 

63+12:2 774143 6:3 -7-7 5-15 
109+27-0 126+-28:3 5:4 -6:3 18-25 
146+.30-2 176+27-4 2-9 -3-5 40-63 
138+43-0 199+ 53-4 1-38-1-99 88-115 
255+44-0 346+ 8-5 1-22)-1-73 160-230 
407 + 37°5 458+28-8 1-01-1-14 330-470 


second 111+390-5 143+ 30:1 5°5 -7-15 19- 36 
101+12°5 IS7417°5 | 2:02-3-1 45-— 65 
133+24:5 173+42:1 1-33-1-73 88-108 
221+24:5 260+ 28:1 1-23-1-30 180-290 
362+ 34-4 454+ 25:3 0-9 -1-13 360-415 


in a pair with a second tone of the same duration. Tones within the range 200-400 msec 
can apparently produce an auditory effect of roughly the same duration as in silence. 
At any rate, changes in the durations of the first tone compared with standards of 
200 msec and 400 msec are within the limits of variation of the variable threshold. 
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The longer the tone, the less its physical duration differs from the duration of the 
tone perceived when it precedes the second tone by 06-36 msec. 

As Table 2 shows, in an interval of 0-6-36 msec a duration of the standard tone 
from 20-100 msec was likened to the average minimum durations of the first tone 
when the interval was short. The standard duration of 100 msec was likened to the 
duration of the first tone of 138 msec and a minimum duration of the first tone of 
146 msec was likened to the standard duration of 50 msec. The maximum measured 
average durations were significantly longer for a longer standard tone. We believe 
that the differences between the durations of the auditory processes caused by short 
tones (from 20-100 msec) are considerably less than the differences between the physical 
durations of these tones. A tone of 50 msec is 2:5 times longer than 20 msec but the 
excitations produced by them obviously differ much less from each other in duration. 

With a sufficient interval between both tones (240 msec) the first tone differs on 
average from the standard by 10-30 per cent or even less but can differ also by 80 per 
cent—durations of 20 and 36 msec are evaluated as identical. 

Apparently, the reason is that the excitations caused by short tones differ much 
less from each other in their duration than the tones themselves. Thus, Lorente de 
No [25] showed that the duration of contraction of the m. tensor tympani varies within 
very narrow limits for considerable changes in duration of sound; from 80-100 msec 
for durations of sound from 10-80 msec. If we agree with Lorente de No that the 
duration of contraction of this muscle in response to a sound is connected with the 
duration of auditory excitation then quite satisfactory agreement with our findings 
is obtained. 


DISCUSSION 


The phenomenon of back masking is given wider significance by our findings. 
They eliminate the original assumption [12] that the back influence of a second strong 
sound on perception of a first weak one is due to difference in the latent periods of 
the excitation produced. If the effect of the second sound outstrips the effect of the 
first in the nervous apparatus of hearing, then back masking would become a partic- 
ular case of residual masking, which occurs only for intervals shorter than 10 msec 
[12, 26-28]. Therefore, Gutman et al. [28] differentiate two types of back masking: 
short-term—intervals shorter than 6-7 msec and comparatively long-term—intervals 
longer than 6-7 msec which we shall chiefly investigate. 

In the view of Chistovich and Ivanova, the hypothesis of “residual sensation” 
i.e. pre-sensation, is incapable of explaining back influences. It is all the more surprising 
that guided by it, Makarov and then ourselves, discovered different influences of a sec- 
ond stimulus on the effect of the first. Thus, the effect of loudness of the second audi- 
tory stimulus on evaluation of the loudness of the first was first discovered by Buyt- 
endijk and Meesters [29] and then ourselves [14, 15], although Chistovich and Ivanova 
[23] claim this observation as theirs alone and refer to our papers only in connexion 
with the threshold of detection of the first sound. Apparently, they wish to avoid po- 
lemics: according to their findings, discrimination of loudness of two short sounds is 
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impossible up to intervals of 120-150 msec, whereas, according to our findings, this 
is 50-60 msec. We do not doubt the accuracy of the measurements of Chistovich and 
Ivanova but believe that satisfactory discrimination is also possible at intervals shorter 
than 120 msec. Thus, discrimination of a sequence of sounds [30] (“as before—high 
or low”) is possible with an interval of about 20 msec. According to our findings [15- 
17] the critical intervals for discrimination of duality, loudness, timbre and tone of 
two sound stimuli differ. Discrimination of duality (interruptedness) is possible for 
the shortest intervals between auditory stimuli (less than 10 msec), coarse discrimina- 
tion of loudness and tone or timbre is possible from intervals of 40-60 msec. 

The findings in this work were also suggested by the theory of residual sensation 
and offer direct evidence in its favour. The impossibility of discriminating qualities of 
sensory stimulations separated by a short interval of time is to be explained by the 
fact that this interval is filled with the residue of the effect of the preceding stimulus. 
The point is not the gross discriminatory powers of the brain but that the stimuli to 
be discriminated initiate overlapping excitation in the brain and naturally, these stimuli 
are evaluated differently than when presented singly or at sufficiently long intervals. 

Aberrative evaluations are not the result of deterioration of the discriminatory 
ability of the brain; they are due to the fact that overlapping and mutually influencing 
phenomena are to be discriminated. Hence, the perception of exaggeration of loudness 
and perception of shortening of duration. 

Thus, in a whole number of cases the short first tone masked by a second strong 
one following it sufficiently rapidly is perceived as an incomplete, greatly shortened 
tone, since the duration of the cycle of nerve processes initiated by it exceeds the physical 
duration of the tone. Therefore, the effect of the second tone overlaps the effect of 
the preceding one, if not at the start, then in the middle or at the end, depending on 
the degree of integration of the first effect. Only by lengthening the first short member 
of the pair (shorter than 100 msec) seve1al times as compared with its duration on 
single presentation, do we perceive it to be as long as it actually is. Consequently, 
even a single tone with a physical duration of 25-50 msec is probably recorded longer 
by the auditory system—for 120-140 msec, but we do not know this since nothing 
obstructs the integration of its effect. 


It is curious that Chistovich [31] adduces in support of the hypothesis of residual 
sensation—presensation—an indirect experimental argument confirming the observa- 
tion [32] that for the absolute identification of pitch of tones following one another, 
they must last a minimum of 120 msec. It is known that a duration of 20 msec for most 
frequencies somewhat exceeds the time threshold of recognition of pitch of a tone 
sounding in isolation. Apparently, in reality, for a tone with a duration of 20 msec 
its reflexion in the brain—auditory image, auditory sensation—lasts 5—6 times longer. 

Thus, we have given definite proof that the origin of back masking as assumed 
by Makarov is explained by the considerable delay in integration of cortical excitation 
in relation to the short stimulus eliciting it. Duration of auditory excitation is longer 
than that of the initiating tone, the shorter the tone (5-7 times for a tone of 20 msec 
and 1-3-1-9 times for a tone of 100 msec). The hypothesis of Mayer, Urbanchich, 
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Bekesy, Miller, Makarov and others is given experimental confirmation by the method 
of back masking as proposed by Makarov for measurement of duration of sensation. 


These findings are fundamental to the theory of perception of sounds in speech. 
They also open up the fascinating possibility of measuring the duration of sensation. 


CONCLUSIONS 


(1) Back masking described by Makarov, Miller, ourselves and Samoilova has 
been investigated along new lines. It has been found that a second tone separated by 
a short interval of time from the first, not only increases the threshold of detection of 
the first tone but also causes it to be perceived as a sharply shortened one as compared 
with it when presented singly in silence. 

(2) The first tone was evaluated as shortened for all durations investigated. The 
influence of the second tone was particularly clear on perception of shortening of 
short durations of the first tone—from 5-100 msec. Perception of shortening of duration 
of the first tone of 200 and 400 msec was most distinct for low intensities. A first tone 
of 10-20 msec, 80 dB, had to be increased 5—7 times and one of 50-100 msec, 1-5-3 
times, for it, when preceding the second tone by tens of msec, to be heard as an un- 
shortened one as compared with single presentation. Perception of shortening of a first 
tone of 200-400 msec, 80 dB, is unreliable. 

(3) Back masking characterized by perception of shortening of the duration of 
the first tone was much more distinctly marked than back masking in terms of the 
threshold of detection. For a number of intervals it was necessary to amplify the first 
tone by tens of dB as compared with single presentation in order for it to be heard as 
unshortened. 

(4) The findings are interpreted as evidence of the stability of auditory excitation 
(sensation) continuing, like visual excitation, to be maintained in the brain for a certain 
time after termination of the tonal stimulus producing it. As a result of analysis of 
our own findings and those in the literature, the hypothesis of “residual sensation”— 
“presensation” is given preference over Stroud’s hypothesis of discrete perception. 
Criticism of the hypothesis of stability on the part of Chistovich and Ivanova is dis- 
cussed and answered. 
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MEASUREMENTS of the amount of carbon dioxide in a closed space, in which an in- 
tact plant or its individual leaf is kept is one of the ways of investigating plant photo- 
synthesis. Complete chemical analysis of the atmosphere surrounding the plant in 
a closed system cannot be made continuously for a long time without disturbing 
the volume of gas being measured or its composition. Therefore, most investigators, 
although using different methods, have made and continue to make single meas- 
urements of the amount of CO, at definite intervals of time. Modern methods of inves" 
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tigation (mass spectrometry, infra-red spectrometry, catathermometry and radio- 
metry) have enabled many workers (for example, [1-7]) to observe the dynamics of 
change in the gas composition within a closed system without disturbing it. 

Use of radioactive carbon in the form of *CO, as a means for continuous determina- 
tion of changes in the concentration of carbon dioxide in the atmosphere surrounding 
the leaf enables one to observe directly the dynamics of photosynthesis and the effect 
on it of various external factors. Determination by radiometric means of the concentra- 
tion of a mixture of 1*CO,+14CO, with known specific activity does not present major 
difficulties from the purely physical point of view and can be achieved by means of 
ionization chambers or end-window counters (first used in 1948 by Kummer [8]). In 
subsequent investigations, end-window counters were often used to determine the 
content of CO, inaclosed system including a plant [4, 9-12]. 

Our design of closed chambers using trace amounts of radioactive carbon diox- 
ide have been widely applied in the work of the laboratory of Photosynthesis of the 
Komarov Botanical Institute in investigating the dependence of photosynthesis on 
light intensity and carbon dioxide concentration and also in the study of many other 
aspects of gaseous exchange in plants. However, observation of the dynamics of the 
change in CO, content by the radiometric method involves certain complications 
which call for detailed discussion, chiefly connected with the peculiarities of gaseous 
exchange of plants and which include the following phenomena: (1) evolution of 
carbon dioxide during respiration of the plant; (2) isotope effect, i.e. slower rate of 
assimilation by the plant of *CO, as compared with !#CO,; (3) isotope exchange i.e. 
direct exchange of carbon atoms or ionic groups with '*C between substances of the 
plant leaf and the atmosphere surrounding it occuring together with processes of photo- 
synthesis and respiration. The effect of the first two processes on the results of meas- 
urements will be discussed later and about the third, it must be said that as far as this 
problem has been discussed in the literature to date [13, 14], no isotope exchange 
between CO, of the air and reduced carbon in the plant material exists. 

The papers [1, 4, 15-17] and also work carried out in our laboratory [5, 18-20] 
and the as yet unpublished findings of Pomonareva and Filippova have a direct bearing 
on the problem under discussion here, that of the influence of respiration and the 
isotope effect on the results of investigating photosynthesis in plants in closed systems 
by means of radio-active carbon 'C. 

Weigl, Warrington and Calvin [I] investigated the gaseous exchange of barley 
in a closed system, simultaneously measuring the atmospheric content of *CO,, *CO, 
and O,. A noteworthy aspect of their results was that firstly, on illumination of the 
plants the specific activity of the gaseous medium containing the plants first increased, 
reached a maximum and then sharply dropped to zero and, secondly, that in a closed 
system, even with prolonged illumination of the plants a small measurable amount 
of non-radioactive carbon dioxide remained. The authors interpret their results as due 
to the fact that together with photosynthesis, respiration and the isotope effect are 
also present. It is assumed that in the first period }*CO, is assimilated by the plants 
at a faster rate than “CO, and the specific activity rises, then at low concentrations 
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of CO, the amount of ##CO, expired by the plant starts to make itself felt in the system. 
As a result of dilution by the non-radioactive carbon dioxide and continuous assimi- 
lation of *CO,, the specific activity starts to fall and then drops to zero. But at the 
same time, there remains in the system a certain amount of carbon dioxide, the amount 
depending on the ratio of intensity of photosynthesis and respiration. Weigl et al. 
at the end of their work and starting from the assumption that the rate of change 
in concentration of 1*CO, and CO, in the system are proportional to their amounts 
and also depend on the intensity of respiration, attempted to evaluate quantitatively 
the magnitude of the isotope effect and the respiration of the plants in the light. Con- 
clusions most closely approximating to the experimental findings were obtained on 
the assumption that the ratio of the constants of the rate of assimilation Ky, /Kisco, 
is 83 per cent and that light respiration is half that in the dark. A corollary of this 
work is that if any determinations are made on a plant within a closed system on the 
basis specific activity measurements of CO, gas then the most varied results may be 
obtained: the specific activity of the gas during the experiment may be equal to the 
initial value, greater or smaller than it. All these results have in fact been obtained 
by many investigators who have interpreted them differently. For example, Krotkov 
Runeckles, and Thimann [15] on illuminating plants kept in a closed system obtained 
a reduction in the specific activity of the gas and used this (without taking into account 
the isotope effect) to compute the intensity of respiration of plants in the light. At the 
same time, Grodzinskii [16, 17] who also obtained a reduction in the specific activity of 
the gas, was inclined to attribute this phenomenon merely to the isotope effect. Filippova, 
carrying out experimental work on external gaseous exchange of plants in the light in re- 
lation to duration of the experiments and the final concentration of carbon dioxide, ob- 
tained a specific activity of the gas in a closed system both higher and lower than the initial 
value. The results of the experiments were wholly determined by the ratio of the inten- 
sities of photosynthesis and respiration of the plants and the duration of the experiment, 
on which depended the amount of carbon dioxide remaining in the system. For example, 
for an exposure of | hr to luminosity of 5000 lx with an initial CO, concentration of 1 
per cent in an experiment with leaves of the virginia creeper, the specific activity at the 
end of the experiment, when the concentration of CO, had fallen to 0-3 per cent, was 
132 per cent and with 0-13 per cent CO, remaining it was 78 per cent. 


Together with the above-mentioned work the problem of the isotope effect has 
received the attention of many investigators. At present, it is common to consider 
[21, 22] what the most probable value of the isotope effect occurring during photo- 
synthetic assimilation of carbon dioxide by the plant is of the order of 6 per cent. This 
means that the rate of assimilation of !4CO, is 6 per cent less than the rate of absorption 
of !2CO,. However, alongside this value some workers have obtained values 2—5 times 
greater and others like ourselves with experimental comparison of the methods of meas- 
urement of intensity of photosynthesis [20] have not detected any discrimination 
against 4CO, in favour of 1*CO,. 

Absorption curves, for radioactive carbon dioxide and plants in a closed atmosphere, 
similar to the curves of Weigl, et a/. [1] were obtained by Rachinskii [14] and Vozne- 
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senskii [5] and were recommended by these workers for comprehensive investigation 
of the processes of assimilation and dissimilation of carbon dioxide by plants. The 
problem thus arises of how far such investigations with measurement of the radio- 
activity of the gas are legitimate and what distortions are introduced into the determi- 
nation of the intensity of photosynthesis by the isotope effect and the respiration of 
the plants. We shall endeavour on the basis of the information available to review 
and explain the results obtained. 

If we introduce a plant into a closed system containing radioactive carbon dioxide 
and illuminate it, then in the most general case, it may be assumed that the exchange 
of carbon dioxide between the plant and the atmosphere is determined by its photo- 
synthetic absorption, for which the rate of absorption of CO, is somewhat lower 
than the rate of assimilation of *CO, (isotope effect), and by evolution of CO, during 
respiration. One can apparently also consider as a first approximation that in short 
term experiments the exhaled carbon dioxide does not contain “C and if it does, the 
amount will be very insignificant. 

Next, from numerous papers quoted in [23] on investigating the relation between 
the intensity of photosynthesis and the carbon dioxide concentration it is known that 
this relation is expressed for all plants by a curve starting from the origin of coordi- 
nates and reaching a saturation plateau at concentrations of the order of 0-03-0-2 per 
cent CO,. Such a relationship is graphically depicted by curve A, Fig. 1. In the plant, 


CO, 
wt 
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Fic. 1. Curves relating carbon dioxide gas exchange of plants to concentration of CO,. A, dependence 

of intensity of true photosynthesis; B, dependence of intensity of respiration; 1, dependence of intensity 

of apparent photosynthesis (A+B); 2, dependence of intensity of photosynthesis measured from change 
in activity of gas in closed system. 


together with photosynthesis the process of respiration occurs, the rate of which does 
not depend on the concentration of CO, (within the limits of moderate concentrations) 
and consequently, can be represented by the straight line B. The resultant rate of change 
in concentration of CO, in the system or, what is the same thing,the dependence of the 
apparent intensity of photosynthesis on the concentration of CO, can be expressed 
by the curve 1 (Fig. 1) for the sum of these two processes (A+B). This curve essentially 
repeats the regularity of change of intensity of genuine photosynthesis with CO, concen- 
tration but intersects the abscissa not at the origin co-ordinates but at a point corres- 





Study with “CO, of gaseous exchange in plants in closed systems 821 


ponding to a certain concentration of CO,. This indicates that the rate of change in CO, 
content in the system at this concentration of carbon dioxide is equal to zero and that 
this corresponds to the so-called carbon dioxide compensation point when the rates of 
respiration and photosynthesis are equal. In a closed system with given external con- 
ditions a definite concentration of CO, is set up, the level of which wholly depends on 
the ratio of the intensities of photosynthesis and respiration of the plant. 

We shall now assume that in the atmosphere of a closed system there is also a 
trace amount of radioactive carbon dioxide *CO,. The rate of absorption of carbon 
dioxide measured from the change in the activity of the gas will be lower than the rate 
of true photosynthesis by the value of the isotope effect. Curve 2 in Fig. 1 is intended 
to represent this rate. From the curves of the rate of change in concentration of CO, 
in the closed system 1 and 2, it is possible by graphic integration to pass to the curve 
of the change of CO, concentration itself in the system in relation to time. In this case 
we have assumed that all three processes—absorption of 12CO,, absorption of '*CO, 
and respiration of the plants—occur independently. In the actual closed system these 
phenomer.z are interrelated. The expired carbon dioxide constantly diluting the carbon 
dioxide contained in the system thereby reduces its specific activity and consequently 
the fraction of 4*CO, absorbed. The rate of assimilation of carbon dioxide thereby 
observed, as judged by reduction in the concentration of radioactivity in the system, 
also declines and becomes less than the true one. The opposite picture (increase in 
the value as obtained from ™CO, measurements as compared with genuine photo- 
synthesis) is possible if we bear in mind the existence of the isotope effect. In fact, 
the specific activity of the gas in the system rises with a resulting increase in the fraction 
of #4CO, absorbed and in the observed rate of absorption. The rate of true absorption 
of carbon dioxide by the plant in this case depends on its concentration in the system 
and is described by the pattern depicted by curve A Fig. 1. 

In order to take into account all the phenomena described above which may occur 
in closed systems with radioactive carbon dioxide and photosynthesizing plant leaf, 
we have theoretically calculated the rate of assimilation of 1*CO, and 1*CO, by plants; 
their content in the chamber and the specific activity of the gas, assuming definite 
values for the intensity of photosynthesis, respiration and the isotope effect. 

We shall assume that the closed chamber has a volume of 200 ml and in it is placed 
a plant leaf with an area of 20 cm?. The initial concentration of carbon dioxide in the 
system is 1 per cent and the degree of labelling is also 1 per cent. The intensity of photo- 
synthesis of the plant leaf in the experiment at saturation concentration of CO, is 30 
mg CO,/dm?/hr or 0-1 mg CO,/20 cm?/min and the intensity of respiration 0°3 mg 
CO,/dm?/hr (1 per cent of the intensity of photosynthesis) with the value of the isotope 
effect 6 per cent. Calculation was made as follows. Columns 6, 7 and 8 of the table 
give the entire carbon dioxide content in the chamber and the amounts of !#CO, and 
144CO, composing it. The specific activity of the carbon dioxide (column 9) was taken 
as equal to the ratio of the content of !#CO, to the entire carbon dioxide in the chamber. 
From column 6 and the volume of the chamber we estimated the concentration of 
CO, in the system (column 10). From the graph relating the intensity of photosynthesis 





822 V. L. VOZNESENSKII 


ink 


to the concentration of CO, (Fig. 1, curve A) we determined the intensity of photo- 
synthesis in relative units (column 11). The findings in column 11 and the assumed 
intensity of photosynthesis of this plant leaf were used to estimate the entire amount 
of assimilated carbon dioxide (column 2) in the subsequent interval of time. Then, from 
the specific activity of carbon dioxide at the end of the preceding interval of time (col- 
umn 9), from the entire amount of assimilated carbon dioxide (column 2) and from 
the value of the isotope effect we found the amount of CO, absorbed (column 4). 
For this purpose we took the product of the amount of all the CO, assimilated in the 


TABLE OF CALCULATED QUANTITIES OF ASSIMILATED CO, AND ITS CONTENT IN A SEALED CHAMBER ASSUMED 

THAT VOLUME OF CHAMBER IS 200 ML, LEAF AREA 20 cm?, INTENSITY OF PHOTOSINTHESIS 30 mg CO,/dm?/hr 

oR 0-1 mg CO,/min INTENSITY OF RESPIRATION 0-3 mg CO,/dm?/hr or 0-001 mg CO,/min, IsoTOPE 
EFFECT 6°%, DEGREE OF LABELLING 1% 


Assimilated (mg) Content in chamber (mg) Volume- 
Pe a , fe ' tric con- 
centra- 
tion in 
chamber, 


oO 


Total 200, “CO, 


Total 2C0, “CO, 
Co, 


Co, 


12CO, expired 

| activity 

| Intensity of 
photosynthesis | 


> 
. | 3-96000 
0-9906 2-97940 
0-9904 1-99900 | 
0-9902 101880 | 0-01120 
0-19796 0-82284 | 0-00916 
0-19794 0-62690 | 0-00710 
018800 0-44090 | 0-00510 
0-16422 0-27868 | 0-00332 
0-12264 0-15804 | 0-00196 
0-07908 0-08096 | 0:00104 
0:04940 0-03356 | 0-00044 
0-02371 0-01185 | 0-00015 
0-00988 0-00397 | 0-00003 
0-00397 0-002 0-00000 
0-002 0-002 0-00000 


given interval of time and the specific activity at the end of the preceding interval of 
time and reduced it by the value of the isotope effect. From the difference between 
columns 2 and 4 we computed the figures in column 3—the amounts of assimilated 
2CO,. Column 5 gives the amount of carbon dioxide expired in this time. The total 
content of CO, (column 6) and '*CO, (column 7) were found by subtracting from the 
preceding values, in these columns, the values in columns 3 and 4 and adding to them 
the values of respiration (column 5). The content of *CO, in the chamber was deter- 
mined by subtracting values of column 4 from the preceding value in column 8. Then, 
we again computed the specific activity, concentration of CO, and the relative intensity 
of photosynthesis and repeated all the operations to determine the figures in all columns 
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for the next interval of time. All the calculations were continued until a constant con- 
centration of CO, was reached in the chamber and the entire radioactive carbon dioxide 
absorbed. Such calculations were also made on the assumption that the intensity of 
respiration and the magnitude of the isotope effects are equal respectively to 0-3 mg/dm?/ 
hr (1 per cent of the intensity of photosynthesis) and 15 per cent; 6 mg/dm?/hr (20 per 
cent) and 6 per cent; 6 mg/dm?/hr (20 per cent) and 15 per cent. 

The calculations show that the time necessary for achieving constant concentration 
of carbon dioxide in the system and also the actual level of the residual concentration 
of CO, depend on the ratio of the rates of photosynthesis and respiration. For respi- 
ration accounting for 1 per cent of the value of photosynthesis, this time is equal to 
about 50 min with a residual concentration of 0-0005 per cent and for 20 per cent 
respiration, these values are equal respectively to 66 min and 0-016 per cent. Conse- 
quently, depending on the external conditions (in the main, intensity of light and 
temperature), the plant species and the ratio of assimilating and non-assimilating 
tissues of the plant, in a closed system the residual concentration of CO, in the system 
may change within wide limits and even in normal conditions reach considerable 
values of the order of 0-02 per cent. 


The concentration of CO, at the compensation point evaluated by us, of course, 
does not lay claim to absolute accuracy since in the calculations given above it depends 
on the initial slope of the curve of dependence of intensity of photosynthesis (curve A, 
Fig. 1) taken fairly arbitrarily by us. But the course of this curve cannot change very 
much and consequently, the order of magnitude obtained corresponds to reality. 


This is also confirmed by the concordance of the calculated values with published 
findings [24, 25]. 
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Fic. 2. Curves relating intensity of photosynthesis of plant leaf to concentration of carbon dioxide 
(A) and curves of content of CO,, “CO, and specific activity of carbon dioxide, (B) in closed system. 
Intensity of respiration is 1 per cent of intensity of photosynthesis. Value of isotope effect 15 per cent. 
Continuous lines in A, true photosynthesis; in B specific activity of carbon dioxide in system. Broken 
lines, apparent intensity of photosynthesis and change in content of CO, in system. Dash-dot line, 
intensity of photosynthesis measured from “CO, and content of “CO, in system. 
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For more graphic representation of the processes occurring in a closed system, 
the calculated data have been represented in the form of graphs which are given for 
two typical cases in Figs. 2 and 3. From these graphs it is clearly seen that if in the 
closed chamber with radioactive carbon we record the content of CO, according to its 
radioactivity, respiration may exert an appreciable effect on the results of measurement 
and especially on their interpretation. This influence is particularly sensitive when 
the intensity of respiration is considerable as compared with photosynthesis. In this 
case, curves of change in the rate of photosynthesis (measured from the radioactivity) 
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Fic. 3. Curves relating intensity of photosynthesis of plant leaf to concentration of carbon dioxide 

(A) and curves of content of CO,, #*CO, and specific activity of carbon dioxide (B) in closed system. 

Intensity of respiration accounts for 20 per cent of intensity of photosynthesis. Value of isotope effect 
6 per cent. Significance as in Fig. 2. 


in relation to concentration of carbon dioxide in the chamber, do not display saturation 
(Fig. 3). The specific activity of CO, in the chamber falls in the course of the experiments 
from the initial value to zero, through constant dilution by the respired carbon 
dioxide. In practice, such cases can be encountered at a high temperature, low level 
of illuminating the plant leaf and also when very young strongly growing shoots or 
plants with a predominance of heterotrophic tissues are used in the experiment. 


Increase in the specific activity of carbon dioxide during the experiments (Fig. 2) 
may be explained merely by the existence of the isotope effect. However, the problem 
of the value of the isotope effect has so far not been solved. Some idea of its magnitude, 
besides numerous other published data, can be obtained from the experimental results 
of Weigl et al. [1] and Filippova, who in closed systems did not obtain an increase 
in the specific activity of the gas by more than 50 per cent of the original. However, 
in all experiments carried out in the photosynthesis laboratory of the Botanical Insti- 
tute, no cases were encountered in which the curve of change in the rate of photosyn- 
thesis in relation to concentration of carbon dioxide, after considerable rise at low 
concentrations, had a peak and then gradually dropped. These facts suggest that the 
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value of the isotope effect for *CO,/*CO, has smaller dimensions than estimated by 
certain workers and is possibly of the order of 5 per cent or less. 


It is also possible that the isotope effect and the large values of the respiration of 
some experimental plants (of the order of 20 per cent) somehow counterbalance each 
other and on investigating photosynthesis according to the radioactivity of carbon 
dioxide in a closed system, a normal curve relating the intensity of photosynthesis 
to concentration of CO, is obtained. This assumption can be readily checked by altering 
the light intensity. With an increase (within certain limits) of the luminosity at 
the plant leaf, the proportion of carbon dioxide given out in respiration falls (photo- 
synthesis increases) and the isotope effect remains as before. The curve relating the 
intensity of photosynthesis to the concentration of CO, measured radiometrically, 
at low luminosities is similar to the curve in Fig. 3 (without saturation) and at high 
intensities of light has the character of the curve depicted in Fig. 2 (with a peak). How- 
ever, in practical investigations of the effect of light on photosynthesis, such a change 
in the course of the curve is not observed. It may thus be concluded that the isotope 
effect during photosynthesis and expiration of CO, in the light are not large values. 


During work to estimate the possible effect of expired labelled carbon dioxide 
on the experimental result we compiled tables (similar to that given) for cases in which 
there is no isotope effect and the assimilated CO, is given up during respiration. 
However, in considering the mechanism obtaining in this case, it is impossible to make 
a very definite statement on the amount of radioactivity given off owing to the fact 
that the quantitative aspects of this process have not been studied at all. Three tenta- 


tive assumptions may be made. 

(1) It is most likely that the carbon dioxide given off during respiration has a spe- 
cific activity considerably lower than for the CO, assimilated at the same time. In this 
case the specific activity of carbon dioxide in the closed space constantly falls without 
having the maximum observed in the experiments described above. 

(2) The specific activity of carbon dioxide in the atmosphere does not change 
if the degree of labelling of the CO, given off during respiration is equal to it. 

(3) The specific activity of carbon dioxide in the atmosphere increases if the CO, 
given off during respiration has more “CO, than the assimilated CO,. 

It may be assumed that the carbon dioxide assimilated is at once expended on 
respiration and participates in a process of metabolism and also that the specific 
activity of the expired CO, is proportional to the amount of *C accumulated in the 
respiratory substrates. In this case, calculations show that the specific activity of CO, 
in the external medium at first falls slightly then rises, reaching a maximum and then 
drops to zero. This corresponds, as it were, to the experimental results. 

However, cases 2 and 3 are impossible since there are no grounds for assuming 
that in the sugars involved in respiratory metabolism the majority of carbon atoms 
(or at least, half) are replaced by “C atoms. 

The appreciable change in specific activity of carbon dioxide gas during experiments 
in which the plants were in a closed system with radioactive carbon dioxide indicates 
that the latter assumptions are not valid and also that it is impossible to compute the 
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value of the isotope effect without knowing the intensity of respiration of the plants 
in the light and it is impossible to estimate the respiration of the plants without knowing 
the value of the isotope effect. 

It is still not possible with modern methods in direct experiments to separate for 
photosynthesis the isotope effect and respiration and consequently, there is no point 
in seeking to determine them separately in such experiments. Apparently, one must 
evaluate the discrimination against “CO, in favour of }*CO, from determinations of the 
difference in the rate of transport of purely chemical reactions with these substances 
and then apply this value to the results of experiments with plants. However, as 
Aronoy [14] notes, even with such an arrangement for determining the isotope effect, 
there are still in the literature a number of contradictory, as yet unexplained facts. 


In discussing the quantitative estimation of the value of the isotope effect for “C 
and particularly for **CO,, we must refer to the conclusion of Vinogradov [26], that 
the “isotope effect sharply falls off with a rise in the mass of the isotope and for heavy 
elements this effect has no significance”. This rule in the author’s view applies not only 
to the thermodynamic but also to the kinetic isotope effects in which *4C is involved. 
In our own experiments [20], as we have stated, an isotope effect was not discovered 
Consequently, it must be concluded that if the isotope effect actually does occur (for 
14CO,/2CO,) then its value is insignificant and the influence exerted by it is within the 
errors of determination usual in biological methods. 


From analysis of processes occurring in a closed system in which there is a photo- 
synthesizing plant leaf we conclude that by using and measuring tracer amounts of 


radioactive carbon in hermetically sealed chambers, it is possible to investigate the 
process of photosynthesis. Some complications in interpretating the results may occur 
only when the amount of carbon dioxide expired by the plant in the light is a consid- 
erable proportion of the amount of CO, absorbed during photosynthesis. In exper- 
imental conditions in which the intensity of respiration of the test plants in the light 
is not more than 5 per cent of the intensity of photosynthesis, the results of determination 
of the relation between intensity of photosynthesis, concentration of carbon dioxide 
and the luminosity at the test leaf obtained from measurement of radioactivity of the 
gas will differ from the true value of photosynthesis by a figure also approximately 
of 5 per cent. Errors of such an order are fully within the errors of the determination 


themselves. 
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SCATTER OF RADIANT ENERGY BY PLANT LEAVES* 


I. A. SHUL’GIN, V. S. KHAZANOV, A. F. KLESHNIN and T. B. RZHANOVA 


Timiryazev Institute of Plant Physiology, Moscow 
The All-Union Research Institute for Light Techniques 


(Received 10 November 1960) 


IN a previous communication [1] it was shown that the leaf blade with its inhomo- 


genous morphological surface and internal structure reflects physiological radiation 
(400-700 my) in very different ways at different angles to its surface. 

The present paper reports experimental investigations on the character of scatter 
of radiant energy when reflected and transmitted by the leaf both in the physiolog- 
ical and infra-red regions of the spectrum. 


* Biofizika 6: No. 6, 734-739, 1961. 
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METHODS 


The test objects were a number of species of greenhouse plants [1]. The basic circuit 
of the instrument and the condition were published in the previous paper. 

As the relative spectral sensitivity of the receptor of radiant energy S), the distri- 
bution of energy of the lamp £, and also the transmission of the light filters +, used 
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Fic. 1. Spectral sensitivity of goniophotometer. 1, spectral sensitivity of photomultiplier 
with oxygen-caesium cathode; 2 and 4, transmission of radiant energy by light filters; 
3 and 5, spectral sensitivity of instrument in visible and infrared regions of spectrum. 
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Fic. 2. Indicatrices of transmission of radiant energy (physiological radiation). A, transmission rela 
B, angular density of radiant flux. J— Cotyledon undulata; 2—Nerium 


tive to ideal reflector; 
oleander; 3—Echeveria leucotricha; 4—Camellia japonica: 5—Echeveria canaviensis; 6—Codiaeum 


pictum; 7—Hoya sp.; 8—Saintpaulia jonantha; 9—Coffea arabica; 10—Ficus elastica; 11—Hoya 
carnosa; 12—Begonia peltata; 13—Laurus nobilis; 14—Kohlearia hirsuta; 15—Pilea grandis; 16—Be- 
gonia imperialis; 17—Codiaeum pictum; 18—Boehmeria biloba; 19—Kleinia amaniensis. 





Scatter of radiant energy by plant leaves 829 


over the range 400-700 my and 700-1000 my are selective, it was necessary to ascertain 
theoretically whether corrections had to be applied to the measurements (Fig. 1). 
The correction factor K may be written as follows 
Ms . 
\ rdy- \ Ex: ta Sad 
K=*_______.,, (1) 
| Ex. ta-ra- Sah 
where r, is the spectral characteristic of the leaf. The results of measurements with 
the goniophotometer must be multiplied by the coefficient K to obtain the correct 
value. As a result of the calculations we derived the following values for K: for reflexion 
in the visible and infra-red regions of the spectrum, 0-95 and 1-0 respectively and 
for transmission, 0°85 and 1-0. 
These corrections were introduced into the results given in the Table. The graphs 
in Figs. 2-5 were plotted without reference to the correction factors. 
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Fic. 3. Indicatrices of reflexion of radiant energy (near infra-red region). A, reflexion relative to ideal 

reflector; B, angular. /—Nerium oleander; 2—Viburnum rhytidophyllum; 3—Boehmeria biloba; 

4—Pilea grandis; 5—Saintpaulia jonantha; 6—Kohlearia hirsuta; 7—Laurus nobilis; 8—Anthurium 
crystallinum; 9—Begonia imperialis. 
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RESULTS 


It has already been shown that the diversity of structure of the leaf blade and its 
surface is responsible for great differences in the values of the coefficients of spectral 
brightness and the distinctive shape of the indicatrices of reflexion of radiant energy 
in the physiological region of the spectrum. Thus, reflexion of rediant energy from plan 
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leaves does not obey Lambert’s law. In the same way as for reflexion, determination 
of the values of the coefficient of radiant energy by measurement of brightness at one 
given angle of observation is not sound. 
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Fic. 4. Indicatrices of transmission of radiant energy (near infra-red radiation). A, transmission 
relative to ideal reflector; B, angular, density of radiant flux. /—Cotyledon undulata; 2—Kalanchoe 
tomentosa; 3—Cotyledon ausana; 4—Echeveria canariensis; 5—Phyllocactus hybrida; 6—Ilex aqui- 
folium; 7—Ficus triangularis; 8—Nerium oleander; 9—Viburnum rhytidophyllum; 10—Saintpaulia 
jonantha; 11—Coffea arabica; 12—Codiaeum pictum; 13—Begonia peltata; 14—Ficus elastica; 
15—Kleinia amaniensis; 16—Pilea grandis; 17—Laurus nobilis; 18—Boehmeria biloba. 


Transmission of physiological radiation by the leaf (Fig. 2) unlike reflexion, is char- 
acterized by indicatrices of one type although it varies over a wide range of values. 
Transmission is maximal at 0-10 per cent and minimal at 70-80 per cent. In the former 
case, the differences between species reached 15 per cent. 

Thus, in the transmission of radiant energy in the physiological of the spectrum 
large differences are also observed and the leaf itself is not an ideal scattering body. 

Reflexion of infra-red radiant energy by plant leaves in normal conditions reveals 
the following. The curves in shape are much of the same type although species varia- 
tions in reflexion are also considerable. The values of the coefficients of brightness in 
reflected light in all cases varied from 30-60 per cent (Fig. 3). 

Analysis of the material showed that unlike physiological radiation, in infra-red 
rays, the leaves of plants of different habitat essentially possess reflexion curves of a 
type approximately governed by Lambert’s law. 
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This means that in the infra-red there is little absorbtion by the leaves, the leaf 
blade diffusely scatters the reflected rays. 

Transmission of infra-red rays (Fig. 4) has the character of scatter, i.e. in the shape 
of the curve, and practically coincides with that in the region of physiological radiation 
although the values of the coefficient of brightness for the infra-red rays are consid- 
erably greater. 
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Fic. 5. Reflexion of radiant energy as function of angle of reflexion. 1, ideal reflector; 2, leaf of Cotyledon 

undulata; infra-red radiation; 3, same, physiological radiation; S;, radiant flux reflected by ideal re- 

flector; Sy, radiant flux reflected by leaf in region of physiological and S’y in region of infra-red 
radiation. 


The error connected with scatter of radiant energy by the leaf at different angles 
when measuring the coefficients of reflexion and transmission can be avoided by using 
either an integrating sphere [2-7] or by the method of integrating the indicatrices of 
the coefficients of brightness of reflexion or transmission (Figs. 2-4) starting from the 
assumption of circular symmetry. 

Such integration is done by a method similar to determination of the radiant flux 
of a symmetrical emitter (8). In the analysis the integral reflexion relative to an 
ideal reflector may be defined as 
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where R= R,:cos «. Here, R, the reflexion of radiant energy from an ideal reflector 
at angle 0° is taken as 1. Integration is done graphically (Fig. 5) or by calculation. Here, 
the curves correspond to reflexion of radiant energy by an ideal reflector (curve 1) 
and by the leaves of Cofyledon undulata in the physiological (curve 3) and infra-red 
(curve 2) regions of the spectrum. 
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Fic. 6. Reflexion of physiclogical radiation as a function of angle of reflexion. 1, ideal reflector; 
2, Cotyledon undulata; 3, Codiaeuimn pictum. 


By way of example we give Fig. 6 which indicates the refiected flux of physiological 


radiation by an ideal reflector, it is maxima! at an angle of 45° and minimal at smaller 
and larger angles. Except for the region 409-700 my. where the meximum of the reflected 
flux varies from 10—60°, in the other cases the curves were of the same type and extended 
out at an angle of 40—50°. 

The curves in Fig. 5 enable us to calculate the radiant flux reflected from or transmit- 
ted through the leaf. The results are presented in the table which at the same time 
gives the calculated material corresponding to that obtained experimentally by the 
method of Tikhov. 

It follows from the table that these methods may give both similar and differing 
results. Thus, in the infra-ied rays, the leaf Boehmeria biloba give values of absorp- 
tion of 21 and 5 per cent. 

Absorption of radiant energy in the physiological region of the spectrum gives 
quite similar values for different plant species and good agreement for both methods. 

The method of integration of the indicatrices which, in a somewhat different inter- 
pretation, is proposed by a number of workers [9] and which must give the true values, 
results in too high (57-3 per cent) and “negative” (—23-2 per cent) absorption. 

It is possible that such divergent values are due to the asymmetry of the curves 
of the coefficient of brightness. When the radiant energy does not fall strictly perpen- 
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dicular onto the leaf, as may occur in field experiments, this feature must be manifest 
to an even greater degree. 

The material outlined in the present communication suggests that by virtue of the 
complex and diverse morphoanatcmical structure of the leaf blade determining the 
asymmetry of the character of scatter of radiant energy relative to the axis of the 
leaf, plant leaves in associations are encountered not only with diffuse but qualita- 
tively different directed irradiation. 

Further experimental investigations are needed to clear up this problem. 


TABLE 1. OPTICAL PROPERTIES OF PLANT LEAVES DETERMINED BYVARIOUS METHODS 





Physiological radiation Infi ra-red radiation 
(400-620 my) (720-100 my) 


By method of By integration By method of 


Plant species | By integration | 
| G. A. Tikhov method G. A. Tikhov 


method 
. ] 


| A|Ro|™ | A(R 1% | A | Rel Ml A 


Boehmeria biloba . . 80-8) 6-4/15-1 78°5| 38-4| 40-9) 20:7 | 36-5| 59-0} 4-5 
Pilea grandis ‘2| 7-6 | 84:2) 63) 9-2 | 84-5) 51-4) 46-0 2:6 | 40-0} 55-0} 5-0 
Kohlearia hirsuta . . 84:6) 5:7| 8-4 | 85-9) 49-8 55-0) — 48 | 41-8) 56:0, 2.2 
Saintpaulia jonantha -3) 3- 90:5; 6:1) 3-4 | 90:5) 56°6| 34-4 9-0 | 48-7| 35-0 
Viburnum rhytidophyllum . : 87-8; 7:4 1-9 | 90-7) 72-0] 26-8 1:2 | 59-4! 31-0) 9-6 
Begonia peltata 7| 4:3 | 87-0) 5-7} 5-7 | 88-6| 54-5| 42-0 3:5 | 43-8] 47-0; 9.2 
Ficus triangularis . . 92:9! 3.9) 2-4 | 96-7) 52-5! 28-5 19-0 | 41-8) 38-0 
Nerium oleander . 87:9) g-3) 1:0 | 90-7} 65-0) 27-1 7:9 | 51-5] 27:5 
Laurus nobilis ° , 86-8) 5-8) 7:3 | 86-9) 47-5) 48-2 4:3 41-1| 54-0 
Coffea arabica ‘9) 3-4 | 87:7) 5.5| 5-4 | 90-1) 52-0) 38-8 9-2 | 39-0) 41-0 
Camellia japonica . . 91-6) 3-5) 1°5 | 95-0) 54-1) 35-7 10-2 | 40-3; 35-0 

Ilex aquifolium . . 92:7| 3-7) 1-4 | 94-9) 58-7| 21-2 20-1 | 50-6; 25°6 
Hoya carnosa 6 4:1 | 75:3) 14-4) 5-1 | 80-5) 58-5) 38-0 3-5 | 43-0) 23-4 
Hoya sp. -3| 3 85-5! 8-0) 3-6 | 88-4| 95-0) 28-2 23-2 | 53-6} 30-6 
Phyllocactus hybrida 5: ° 83-2, 12-2) 2:1 | 85-7| 62:0) 44:0} — 6-0 | 52°8| 22-4 
Cotyledon ausana ° , 57:7) 33-3) 0-5 | 66:2) 46-1) 19-6 34-3 | 50-2) 20-0 
Cotyledon undulata . -3 | 75-3) 20-0| 0-2 | 79-8) 87-4) 7:2 5-4 | 71-0) 7-5) 
Echeveria Canariense . . 82-6) 11-2) 2-7 | 86-3) 60-4) 21-7 19-9 | 48-4) 21-6 
Echeveria leucotricha . . 83-3) 12-5) 3-2 | 84-3) 56-5) 28-2 15:3 | 46:3, 30-4 
Kalanchoe tomentosa 8) 1:8 | 76-4) 17-1) 2-1 | 80-8) 49-9) 128) 57-3 | 41-4) 16-1) 
Kleinia amaniensis . . 74:2) 17-9} 1:6 | 80-5| 59-0} 42-4) —1-4 | 49-5, 51-0} - 
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ELEMENTS Sr, Rb, Ca, K and Li WHEN ASSIMILATED BY 
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and L. V. PLATONOVA 
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Leningrad 


(Received 9 July 1960) 


THE possibility of change in the isotopic composition of elements in the biosphere 
was first advanced by Academician Vernadskii as early as 1926 [I]. Starting from 
1930 a search for this effect was undertaken. The first investigations carried out by the 
method of determining the atomic weight of elements isolated from biological speci- 
mens gave positive results, it seemed. Thus, Loring and Druce [2] found an increase, 
by 3-5 per cent, in the atomic weight of potassium isolated from the potato tuber 


as compared with that of potassium of mineral origin. However, these and similar 
findings [3] were not subsequently confirmed. Moreover, it became clear that there 


is no practical possibility of judging any change in the isotopic composition of multi- 
isotope elements from the atomic weight. 

Mass spectrometer measurements of the isotopic composition of potassium of 
mineral and plant origin, carried out by Brewer [4] and Lasnitski and Brewer [5], 
showed the presence of an isotope effect. However, the later work of Cook [6] did not 
confirm these results. The possible sources of errors in the work of Brewer were indicated 
by Rik and Shukolyukov [7]. 

A number of workers (Hock, Millinais, Seran) used the radioactivity of potassium 
40 in order to find out whether change in the isotopic composition of potassium occurs 
in biological specimens. In the presence of constant specific activity of potassium 
in the specimen and the medium it could be affirmed that disturbance of the isotope 
composition of potassium does not occur. This method also gave conflicting results, 
apparently owing to the inadequacy of the technique. Equally contradictory results 
were obtained for carbon 14. A serious objection to the existence of a shift in the isotopic 


* Biofizika 6: No. 6, 740-743, 1961. 
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composition of carbon is the good agreement between the findings on the age of wood 
obtained by the carbon method and on the basis of reliable historical information. 


Thus, it can be seen that for the case of elements with normal isotopic composition, 
there is no reliable information on the presence of an isotope effect in biological speci- 
mens, in particular, in the plant—nutrient medium system. 

Vlasyuk and Grodzinskii [8] investigated the absorption of isotopes of carbon 
during photosynthesis and also the assimilation of calcium by the plant. For this pur- 
pose they introduced into suitable experimental systems of the plant-medium, carbon 
dioxide labelled with “C and in other experiments, nutrient solution labelled with 
<a. 

The differences found by the authors in the specific activity of the carbon dioxide 
and calcium in the plant as compared with the medium in our view do not demonstrate 
the presence of a shift in isotopic composition of carbon and calcium when assimilated 
by the plant. For this it would be necessary to demonstrate that the whole activity is 
actually due to carbon 14 (and correspondingly, calcium 45), i.e. that the radioactive 
tracers used are radioactively pure. Then it would be necessary to show that in the 
entire plant—medium system, there occurred complete mixing of the labelled carbon 
dioxide and calcium with the carbon dioxide and calcium already in the system, i.e. 
that the coefficient of isotope dilution is the same in all parts of the system. This con- 
dition, fulfilled with comparative ease in chemical processes, in the case of the plant— 
medium system may not be fulfilled owing to metabolism. Then, the observed effect 
would be determined not by the different biological activity of the individual isotopes 
of carbon and calcium but by the conditions of setting up and the times of the experi- 
ment. 

The problem of possible disturbance of the isotope composition of elements when 
assimilated by the plant from the surrounding medium has thus remained an open 
one to the present day. Besides being of great scientific interest this problem is very 
important for interpretating experiments with labelled atoms that are widely used in 
biological, physiological and biophysical research. This problem may also be of con- 
siderable interest to the geochemist, using plants as distinctive accumulators of elements 
scattered in soils and rocks. 

We have attempted to obtain a shift in the isotope composition of the elements: 
strontium, rubidium, calcium, potassium and lithium. On assimilation of these elements 
by plants from the nutrient medium the most reliable and direct method is mass spectro- 


metry. 


EXPERIMENTS WITH PLANTS 


Special care was taken in carrying out the entire experiment to exclude extraneous 
sources (polluted water, containers, chemical reagents), from entering the system 


of isotopes. 
The experiments were carried out in glass vessels. All the chemical reagents used 
to prepare the nutrient solution were carefully purified and checked for purity by 
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spectral and mass spectrometric methods. The solutions were prepared in double 
distilled water. Only quartz and platinum chemical dishes were used. 

















Pic 


Fic. 1. 1, plant; 2, external vessel; 3, internal vessel. 


We took spring wheat grown simultaneously in two nutrient solutions (saddlelike 
culture) in an AFI light apparatus (see figure). The external vessel with a capacity 
of 800 ml contained nutrient solution [9] in which the entire potassium was replaced 
(per number of atoms) by rubidium. Thus, this vessel contained calcium and rubidium. 
In the internal vessel, with a volume of 600 ml, the entire calcium was replaced (per 
number of atoms) by strontium. This vessel thus had strontium and potassium. The 
same four elements—Sr, Rb, Ca and K—were distributed in the other variants between 
the external and internal vessels in different combinations. The best development 
was shown by plants of those variants in which calcium and potassium were present. 
The least successful was the variant with complete replacement of calcium by strontium 
and potassium by rubidium—the development of the plants was greatly inhibited. 
The plants were grown for 29 days and to the phase of the fifth leaf, then split up into 
the following parts: leaves plus stem, roots in the external vessel, roots in the internal 
vessel. These parts were ashed in platinum crucibles and analysed for their isotope 
composition together with samples of the nutrient solutions from both vessels. 


The experiments with lithium which is an element not favouring normal develop- 
ment of plants were carried out, after a number of failures with tomatoes and the 
sunflower, on “Diamant” wheat. Experiments were run for 20 days in litre glass vessels 
in nutrient solution. Half the atoms of potassium were replaced in the solution by the 
atoms of lithium. Samples of the ash of the stems and of the roots and a sample of 
nutrient solution were submitted to mass spectrometry. 
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ANALYSIS OF ISOTOPE COMPOSITION 


Analysis of the isotope composition of the elements was made with a MI-1302 
mass spectrometer. In order to avoid preliminary chemical treatment of the ash of 
the plants and the nutrient solutions a technique was evolved suitable for analysing 
the isotopic composition of these elements directly from the ash of the plants and the 
nutrient solutions of complex chemical composition. For this purpose a highly effective 
ionic emitter, using the method of surface ionization [10], was designed in the form of 
a tantalum ribbon 0020-810 mm on the surface of which tungsten powder is 
baked in vacuo. At the same time the powder is platinized to increase the yield of the 
surface. A sample of complex composition in the form of an alcohol suspension or 
solution was applied to the surface of the emitter and dried with an infra-red lamp. 
By raising the temperature of the emitter during the measurements it is possible, using 
the differences in the temperature of appearance of ions of the various chemical ele- 
ments, to analyse in turn the isotopic composition of these elements. Thus, we were 
able to analyse firstly, potassium (900°), then rubidium (1100°), strontium (1550°) 
and, finally, at 1600°, calcium. The requisite temperature regime of the ion emitter 
is set from its incandescence after preliminary calibration with a OPPIR-9 optical 
pyrometer in vacuo. At the time of analysing calcium the potassium had already been” 
practically burnt out. 


The isotopic composition of the elements was recorded with a EPP-09 electron 
potentiometer. The small amount of element in the sample in a number of cases led 
to a reduction in the intensity of the ionic flow with time. In order to exclude possible 
errors the spectrum was taken in two directions, for example, from *°K to “K and 
vice versa. Comparing the intensity of the isotope lines in the two spectrograms re- 
corded after 5-6 min, one after the other, we could introduce where necessary, a cor- 
rection for burning out of the sample during the time of recording the spectrum. 


After analysing each sample the spectrometer was carefully freed of traces of this 
sample. The last stage of this meticulous work was prolonged combustion of trace 
amounis of elements with forced operations of the ion emitter of the mass spectro- 
meter. 


Analysis of the isotope composition of lithium was made with the same emitter. 
In view of the considerable relative difference in the masses of the isotopes of lithium 
fractionation of them in the ionic source itself could be expected. Therefore, to record 
the isotopic composition of lithium the entire process of vaporization of the sample 
was followed in the mass spectrometer. To measure the isotopic composition of lithium 
we selected a temperature interval in which the ratio of the intensity of the ‘Li/*Li 
lines remained constant. 


For comparison, the so-called tabular values of the isotopic composition of these 
elements are indicated. The error in measurement of the isotopic composition of the 
most common isotopes of the elements in our case was +1 per cent. In comparing 
the isotopic composition of the element in two samples the error for the main isotopes 
was +2 per cent. 
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RESULTS OF ANALYSIS AND CONCLUSIONS 


The results obtained are given in Tables | and 2. 

They show that with the indicated accuracy of measurements there was no displace- 
ment in the isotope composition of lithium, potassium, calcium, rubidium and stron- 
tium when assimilated by plants from nutrient medium. Thus, there is still no reason 


TABLE | 


Sample 1K Rb *’Rb 88Sr | s7gp | stgp 


Nutrient solution’ 
Rb-Ca 

Nutrient solution’ 
K-Sr 

Stems and Leaves 

Roots’ 

Roots”’ 

Tabular value 


Sample 


Roots : 92-50 7-49 
Stems ‘32 | 92:70 7:30 


Nutrient solution 
4Li+4K / Traces 
Tabular value . 92-58 7-42 


for claiming the existence of isotope effects when elements are assimilated by plants 
from the environment. 

The authors wish to thank Candidate of Biological Sciences, N. F. Batygin for 
valuable advice in setting up the plant experiments. 
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METHODS AND INSTRUMENTS 


TYPE AB-1 AUTOMATIC ANALYSER OF BIOSTRUCTURES* 


V. B. BorRSHCHEV, L. B. KAmMINIR, M. G. LARIONOV, L. L. LiTINSKAYA, G. N. ORLOVSKII 


F. Z. ROKHLIN, V. YU. URBAKH and G. M. FRANK 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 20 February 1960) 


INTRODUCTION 


THE present level of biological research requires determinations of the quantitative characteristics o 
various biological structures. In many cases, for example, during investigations of homogenous discrete 
elements such as populations of unicellular organisms, blood cells, etc. it is of interest to determine 
even the most elementary quantitative characteristics as, for example, the average size of the objects 
under study. 

As is known, the size of even homogenous biological elements usually varies within certain limits 
and, therefore, knowledge of the mean size of such elements may be very helpful both in scientific 
research and in the diagnosis of many diseases. 

However, comparatively large numbers of elements must be measured to arrive at reliable informa- 
tion on the mean values. Such measurements are exceedingly laborious and time-consuming. Automa- 
tion of the process of determining the mean size of structural elements would be most welcome. 

The idea of designing an automatic analyser for solving such problems has occupied the attention 
of a number of workers [1, 2] and in part ourselves [3-5]. The analyser must consist of an electronic- 
optical image converter for the test preparation and a computing-analytical device analysing the elec- 
trical pulses entering its input from the output of the electronic-optical converter. A number of in- 
struments making use of this principle are reviewed in paper [5]. 

The analyser devised by us and described in the present article is the first step towards construction 
of more complex systems. Consequently, in its design it was of prime importance to examine the prin- 
ciples, junctions and circuits that would also be suitable for subsequent developments. 

The AB-1 automatic analyser of biostructures determines the mean arithmetical value of the area 
limited by the contour of the microspecimen with averaging for 1024 microspecimens. The mean value 
of the area is determined with an error of less than +7 per cent. Moreover, the analyser determines 
the area in which this number of individual microspecimens are to be found. In a number of cases the 
concentration of the microspecimens in the original material can be determined from these data. 

The rate of operation of the analyser depends on the density of distribution of the microspecimens 
in the preparation and is, on average, about 100 microspecimens analysed per second. 


* Biofizika 6: No. 6, 745-747, 1961. 
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BLOCK SCHEME OF ANALYSER 


The analyser makes use of the principle of the electronic-optical conversion of the image of the 
test preparation and the statistical principle of a computing-analytical device in which not every object 
is analysed separately but the entirety of the objects investigated. 
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The image of the preparation is converted by scanning, i.e. successive inspection of the preparation 
line by line (see Fig. 1 (A): 1-8, direction of sweep of scanning line). 

It is clear that the mean value of the area of the microspecimen F will equal: 

. oe 
Poa, 
N 
where S$ is the scanning step, /;, length of chord and N the number of microspecimens counted. 

The principle of operation of the computing-analytical device is that the length of the chord of 
the object is converted into a sequence of standard pulses, the number of which is proportional to 
the length of the chord. Therefore, the operation of combining the segments Li is replaced by summing 
the number of the standard pulses. 

The number of objects counted is determined as follows; the electrical signal from the scanned 
line and the delayed signal from the preceding line are compared. The delay time is equal to the period 
of the line sweep. The presence of a signal only in the preceding line, which occurs for example, for 
lines 5 and 6 in Fig. 1A indicates completion of scanning of the object. In this case a signal is fed 
fo the counter of the number of test microspecimens. 

The block circuit of the analyser is illustrated in Fig. 2. The analyser has an electronic-optical 
converter with mechanical sweep converting the enlarged image of the microspecimen into a series of 
electric pulses. 

Scanning is by two devices: a Nipkov disk and a system displacing the test preparation. The Nipkov 
disk for ensuring line scanning is a rotating metallic disk with a number of apertures around it equi- 
distant from the centre. 

The test preparation is placed on slide 1 of the microscope and illuminated through condenser 
2 by illuminator 3. The microscope stage 4 is turned by an electric motor 5. The axis of rotation of the 
Stage is shifted relative to the optical axis of the microscope 6 and therefore on rotation of the stage 
the preparation comes into the field of vision of the microscope. To obtain cross sweep (line sweep) 
disk 7, with the apertures, which is turned by electric motor 8 is used. The disk is so arranged that 
its apertures intersect the field of the image in the direction perpendicular to that of displacement of 
the preparation. The shape of the trace obtained is shown in Fig. 1 B. 

The light flux passing through the aperture of the disk is focussed by lens 9 onto the cathode of 
the photomultiplier 10. The photomultiplier accepts the electric signal characterizing the distribution 
of intensity of the test object along the line. The signal is amplified and shaped by unit 11. 

The signal is further treated by the computing-analytical device of the discrete type assembled 
from non-contact magnetic elements with relay action. To obtain a discrete signal from a continuous 





Type AB-1 automatic analyser of biostructures 841 


one, unit 12 producing standard pulses is used. These pulses through key 13 enter counter 14. The 
indications of the counter are proportional to X/;. From the output of key 13 the pulses also arrive 
at the circuit for determining the number of particles counted. The latter consists of a delay unit 16, 
a circuit for comparing the signals from the preceding scanned line 15 and the counter of the number 
of particles investigated 17. After the counter has counted 1024 microparticles it gives out a pulse locking 
the circuit of key 13. The logical operations are thereby completed. 


























Fic. 2. 


Synchronizer 18 is used to synchronize the work of the logical part and the scanning. The pulses 
from the synchronizer close key 13 at the time of changing the scanning aperture on complete rotation 
of the disk. These pulses also synchronize amplifer 19 feeding the synchronous motor 8. 

Imitator 20 is used to check on the work of the computing-analytical device. 


RESULTS 


To check the work of the analyser we applied a special test in the form of small dark circles 2-5 mm 
in diameter arranged against a bright background. This test was projected on the plane of the disk 
for line scanning. The test was moved at constant speed. Measurements gave the mean diameter as 
2-48 mm, which is very close to the true value. 

The AB-1 analyser was used to investigate a number of biological specimens, in particular, the 
mean diameter of erythrocytes of man and a number of animals (rabbit, rat, mouse, etc). 

The error in determining the mean diameter on repeat analysis of the same part of the smear was 
not more than +0°5 per cent. 

The error in determining the surface density distribution of the red cells in the part of the smear 
investigated did not exceed +3 per cent. 

The table gives the findings on the values of the mean diameter of red cells of man and 
of the animals measured with the AB-1 analyser and also data taken for comparison from sour- 
ces in the literature. 

The results of the tests confirmed the suitability of the AB-1 analyser for practical use. 

It should be noted that the accuracy of the automatic analyser is greatly affected by the preparation 
of the specimen which must ensure sufficient contrast of the elements analysed, the absorption of ligh 
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by the particles must exceed the background absorption by not less than 20 per cent. The distance 
between particles must be not less than 2-3 pu. 

A detailed description of the analyser, suggestions on the choice of elements and calculation, 
analysis of errors, etc. are given in [8]. 


Mean value | Mean value 
Test given by taken from | Literature 
object AB-1, literature source 
(u) (u) 


Man 7:4 7°5 (6) 
Rabbit 633 6:4 (7) 
Rat 6:1 6:2 (7) 
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THERMODYNAMICS OF PROTEIN DENATURATION* 


V. Yu. URBAKH 
Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 4 December 1960) 


DESCRIPTION Of the kinetics of protein denaturation, regarded as a monomolecular chemical reaction, 
is based on Eyring’s theory of the active complex [1, 2] according to which the specific constant of 


the rate of the reaction k’ is equal to 


(1) 


* Biofizika 6: No. 6, 748-750, 1961. 
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where k and A are Boltzmann and Planck constants, 7, the absolute temperature and K*, the equilib- 
rium constant of the reaction of forming the active complex. 

The theory of chemical equilibrium relates the latter value to change in the free activation energy 
in the standard state AZ*: 


— AZ* = RT In K*. (2) 


Since AZ = AH — TAS, 
As** AH** 
(3) 


where AH and AS are the increases in enthalpy and entropy on formation of the active complex 
from the substances entering into the reaction in the standard state (usually taken as the state in which 
all the activitives or, approximately, concentrations are equal to unity); AH®* and AS are called the 
heat and entropy of activation. Recently, we showed [3] that relation (2) from which formula (3) is 
derived needs to be substantially modified both analytically and especially in the interpretative sense. 

This relation is a particular case (applicable to the standard state and activation process) of the 
more general equation 


AZ = RT(S‘vilnp; — In K), (4) 


where vy; and p;, are the stoichiometric coefficients and partial pressures of the reacting substances. 


In paper [3] it was shown that the righthand side of equation (4) does not represent the final change 
in the thermodynamic potential on transition from the initial to the equilibrium state (i.e. the value 
AZ) but the “rate” of change in this potential on change in composition, i.e. the value dZ/d=, where 
& = An /vy; (n; is the number of moles of the reagent)—the “degree of development of the reaction” 
known in the thermodynamics of irreversible processes. Therefore, the correct way to write equation 
(4) is 
= = RT(S’ yinp, — In K). (4’) 

Then in paper (3) it was shown that it is desirable to define the value RT InK not as (dZ/dé)stana. 
(as then it will apply to the non-equilibrium state) but as (dZajei/d@)equir. Where dZairr reflects the change 
in entropy of the formation of the mixture from pure components. (This change is due to the fact that 
instead of the mixture existing before the reaction, a certain new mixture is obtained as a result of 
the reaction.) The complete change in the thermodynamic potential contains besides the diffusion 
part an energetic part (change in enthalpy on transformation of the molecules via change in the energies 
of the bonds of the atoms in the molecule and via change in the number of degrees of freedom of the 
molecules) and a configurational part reflecting the change in entropy on transformation of the molecules 
and, since this complete change in the equilibrium state is equal to zero then 


(Saxe ' eu ee 
Jo equil 


dé dé dé 


\ 


so that instead of relation (2) we have: 


dH* Oias 
me (5) 


— RTIn k* = ( ee ae 

ds ad /Jequii 
It thus follows that the rate constant of the reaction (proportional to K*) need not be related 

to the standard state of the components (including the active complex). This, in turn, renders com- 

pletely unneccesary the assumption of a staged dissociation of the molecules of protein during activ- 

ation—an assumption advanced to explain the dependence of the rate of denaturation of protein on 

the pH. 
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Next, we shall consider the problem of the stoichiometric relations on denaturation of protein, 
interpreted as a chemical reaction leading to internal transformation of the molecules. In the case of 
very long protein molecules instances are possible in which the molecule has several sites (labile loci) 
subject to transformation so that complete denaturation of the molecule may occur in several stages. 
Let the number of labile loci in each molecule of the protein equal /. Then obviously, the stoichio- 
metric coefficient of this protein in the denaturation reaction will equal v = 1/I. 

Since, on the other hand, v = dn/d&, then 


dZ dZ dn 
dé dn de 


whence 


From (1) and (5) it follows that: 


i a 1 dH*  ds* 
Rin (k —) = —— <4 St 
: T dé dé 


so that following on (6) 


dH* ane 
et nF oe Gare. (8) 
dé 

This means that the heat of activation as found from kinetic data indicates the concentration 
of energy for transformation in one labile locus and not for denaturation of the entire molecule. There- 
fore, the number of bonds destroyed, calculated from the activation heat, also refers to one labile locus 
and not to the entire molecule. 

Experimental indications of the number of labile loci in the protein molecule can be obtained 
from a comparison of the thermal and ultra-violet denaturation if the rupture of the bond is an in- 
dependent process. On this assumption, it was recently shown by Pasynskii [4] that the following relation 
exists between the quantum yield of denaturation ® and thermal denaturation AH*: 


lo 
log ® = const +4 — AH*, (9) 


where p and € are the probability of and energy of rupture of the individual bond. This relation is 
a consequence of the equation 

® = const’ :p* (10) 
(a = AH*/e, the number of bonds destroyed), being the mathematical expression of the assumption 
that rupture of each bond on irradiation is an independent process. 

If denaturation of the molecule requires transformation of / labile loci, then instead of (10) we 

have: 

® = const’:p!4, (11) 


3H*/E, so that instead of (9) we get: 


lo 
log ® = const+/ 





Applicability of Prigogine’s theorem in biology 845 


(We would again emphasize that the value equal to the righthand side of (7) and taken as AH* is, 


in fact, 3H*). 
If we take as criterion of denaturation one which changes only on completion of the transformation 
of all labile loci, then the findings on the quantum yield and heat of denaturation of the various pro- 


teins arranged on a graph with the axes (log ®, 3H*) are not on one straight line but, in accordance 


lo 
with (12), on a set of straight lines with different but multiple slopes / — where | = 1, 2, 3 ..... 
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APPLICABILITY OF PRIGOGINE’S THEOREM IN BIOLOGY* 


K.S. TRINCHER 


Institute of Biological Physics, U.S.S.R. Academy of Sciences, Moscow 


(Received 6 April 1961) 


A THEOREM has been established in the thermodynamics of open systems similar to the Le Chatelier- 
Braun principle which reflects the direction of change in a closed system acted on from without: the 
change is in the direction of weakening of the action of the external factor disturbing the equilibrium 
state of the closed system. In line with this principle Prigogine and Wiame (1) have established the 
following theorem: change in an open system always occurs in the direction accompanied by weakening 
of the thermodynamic force A;. The central value characterizing the condition of the open system is 
the rate of production of entropy dSj;/dt. This value is determined by the thermodynamic and kinetic 
parameters—thermodynamic forces A; and thermodynamic fluxes v;: 


(1) 


If the system is near to equilibrium, then the dependence of flux on force is linear: 
eras L;Aj, 


where L; is a scalar coefficient. 
In the presence of only one irreversible process producing entropy we get from (1) and (2): 


= 
dt 


— = LA*> 0. 


* Biofizika 6: No. 6, 750-752, 1961. 
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In accord with the theorem of Prigogine: 
dA<0 
and, consequently, 


d ds; 
‘ <0 


dt dt 


i.e. change in the rate of production of entropy in the open system always occurs in the direction of 
its decrease. 

Since living organisms constitute thermodynamic open systems it is assumed that Prigogine’s 
theorem is of fundamental importance in theoretical biology, in particular, in explaining the course 
of evolution of the animal world tending to the minimum production of entropy [2]. 

We shall consider the successive phases of the life of a warmblooded animal. From experimental 
information on heat emission from the organism starting with the fertilized egg cell [3] and ending 
with the natural death of the multicellular (adult) organism, we may plot a curve schematically reflect- 


; —_ ss ; 1 dS; 
ing the relation between the specific production of entropy (i.e. — - it where m, the mass of the organ- 
m at 


p} 








Fic. 


ism) and time during the individual life of the organism (see Fig.) . 

In the figure, the ordinates give the increasing values of the specific production of entropy and the 
abscissa, the time in arbitrary units; segment I denotes the phase of embryonic growth during which 
the production of entropy (intensity of heat flux) sharply increases; segment ITI the phase of post-natal 
development of the body when the already differentiated organism is growing into an adult being; 
segment III the phase of the steady state of the adult body and segment IV the period of senescence— 
the state of rapid degeneration of the body ending in death when dS;/dt = 0 and S; reaches the maxi- 
mum value corresponding to the state of thermodynamic equilibrium of the dead body. As the figure 
shows, only phase II—post-natal growth of the organism—corresponds to Prigogine’s theorem: 


d dS; 
dt dt 


¢. 


It can, however, be shown that the course of the curve in phase II is determined on the basis of 
maintenance of a constant temperature of the warm-blooded animal during growth. The proof rests 
on Rubner’s surface law which may be written in the form of the following equation [5]: 


k(Ty — Teomt) = const, (6) 


1 dS 


\F adtly 


Ty | 


where F is the surface of the warm-blooded body, k the coefficient of thermal conductivity of the warm- 
blooded body, 7x the body temperature and Tioms. the so called temperature for comfort (16-18°) 
of the body’s surroundings. The value k(7y—Teomr.) is the heat flux from unit surface of the warm- 
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blooded body to the surrounding medium. This value is close to constant for all warm-blooded animal. 
The subscript v denotes from “the mouse to the elephant”. Equation (6) corresponds to the known 
equation [6] 


TSirrey = Guncomp 
where Sirrey is the entropy appearing during an irreversible process and guncomp $0 called uncompensated 
heat. 


From equation (6) it follows that: 


1 dS; on const F 


m dt Ty-m’ 


and since 
m=oV, 


where 9 is the average density of the warm-blooded animal and V is its volume, we get: 


1 ds; const: F 
m dt Tye-V" 
If we express the volume of the warm-blooded animal V by the product Fa where a is some mean 
linear parameter, we get: 
const F k’ 
= = ws (8) 
Ty‘e*Fa a 


const 
Tye z 
Using (8) to analyse the dependence of the heat flux on time, when the body is in the phase of 


post-natal growth (see segment II in the figure), we must express the linear parameter a as a function 
of the growth of the warm-blooded body during time II: 


where k’ is constant: k’ 


a@=a+ at + af? +... 


Interpolating this expression in equation (8) and differentiating we get: 


The result obtained is identical with that deriving from the Prigogine theorem: dA < 0 (4 and 5) 
and reflects the character of the course of the curve in the period of post-natal growth (see segment IT 
in figure). 

We see consequently that the fall in the rate of production of entropy is observed only in the growth 
phase of the body in conformity with maintenance of a homoisothermic state on growth and in agreement 
with Rubner’s surface law; in deriving (9) we did not however start from Prigogine’s theorem which 
apparently is not of fundamental relevance to this problem. 

The significance of Prigogine’s theorem in biology as an indicator of evolution is also not in evid- 
ence on examination of that part of the curve corresponding to the phase of embryonal development 
(see segment I in the Figure). Development of the embryo is, as it were, a shortened rehearsal of the 
entire course of evolution of the animal world. In this phase, however, an increase in the production 
1 dS; 


m dt 


d dS 
> 0 which contradicts the theorem of Prigogne r m< 
t at 


. d 
of entropy is observed — | 
t 
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We thus arrive at the conclusion that the application of Prigogine’s theorem apparently has no 
rational basis in biology. 
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LUMINESCENCE OF AROMATIC AMINO ACIDS AND 
PROTEINS IN SOLUTIONS ON EXCITATION IN THE 
SHORTWAVE ULTRA-VIOLET REGION* 
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One of the ways of studying the numerous forms of biological activity of proteins is to investigate the 
link between biological function and the physico-chemical and energetic properties of the protein 
macromolecule. In this connexion increasing attention is being paid to processes associated with electron 
transitions in molecules with storage, transmission or realization of the energy of electron excited 
states. Transfer of the electron in the system of cytochromes, biological transformations of the chemical 
energy into mechanical and electrical energy (muscular contractions, process of excitation, electricity 
production by fishes), use by the body of the energy of light (vision, photosynthesis), various forms 
of chemiluminescence (bioluminescence, so-called mitogenetic radiation) and a number of other phe- 
nomena have long forced biologists to seek the specific mechanisms of transformation, accumulation 
and transmission without loss of energy at molecular level. The implications of this problem 
only became clear after certain molecular mechanisms of energy transformation, connected with 
excited states of molecules in ciystals, semiconductors and even in solutions, became known in 
physics. Thus, already in 1937, there appeared the first tentative hypotheses on the semiconductor 
nature of the protein molecule [1, 2] and on the biological réle of the processes of energy migration [3]. 
A very important step in the experimental solution of the problem of the energetic properties of 
proteins is acquaintance with the luminescent properties of the protein molecule. Luminescence is of 
interest to biologists owing to the dependence of the spectra on the physicochemical state of the 
molecule and on the dielectric and even on the mechanical properties of the medium. At the same 
time, this method enables one to study these states in vivo without disturbing the integrity of living 
structure and without arresting the natural course of the processes. 

Therefore, in the fifties with the appearance of powerful stable sources of ultra-violet radiation, 
quartz monochromators for intense light and photomultipliers sensitive both in the visible and ultra- 
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violet portions of the spectrum, investigations were instituted into the spectra of proteins. In 1952-1956, 
the first communications appeared on the luminescence of dissolved proteins at room [4, 5] and at low 
[6] temperatures. The subsequent years were marked by the appearance of a whole series of investi- 
gations in this field [7, 16]. Study of the luminescence of proteins was coupled with study of the fluores- 
cence and phosphorescence of aromatic amino acids [6-8, 10, 12, 14, 17-22]. 

The present paper seeks to draw some conclusions from study of the spectra of luminescence of 
proteins and aromatic amino acids in solution. 


LUMINESCENCE OF AMINO ACIDS 
Of 18 amino acids investigated luminescence has been detected only in 3—tryptophane, tyrosine 
and phenylalanine [6, 23], all possessing a system of delocalized -electrons in the aromatic nucleus. 
The system of z-electrons also exists in the imidazole nucleus of histidine but this amino acid has not 











7) 500 &,™p 


Fic. 1. Luminescence spectra of aromatic amino acids. Upper, at room, lower, at low (—140-—150°) 
temperature. 1, phenylalanine; 2, tyrosine; 3, tryptophan [10]. Abscissa, wave length; ordinates, inten- 
sity of luminescence. 





850 E. A. BURSHTEIN 


been found to luminesce [6, 13]. However, Longin [22] reports the presence of fluorescence in all amino 
acids, including aliphatic ones, and in histidine but these findings have not been confirmed by other 
investigators and refer rather to luminescence of certain impurities. 

In solutions at room temperature all three aromatic amino acids possess fluorescence bands differ- 
ing somewhat in position (Fig. 1 and Tabie 1) connected with singlet x — 7* transition in the aromatic 
nucleus. Tryptophan has the longest wave band with a maximum of about 350 my [10, 12, 21]. It may 
be that this band has a complex character and consists of two spectrally very similar components [10]. 
The fluorescence maximum of tyrosine is located at a wavelength of 303-304 my [8, 10, 12, 21, 22]. 
Phenylalanine has the shortest fluorescence wave band [8, 10, 12, 21, 22]. Vladimirov [8] obtained 
the fine structure of this band with maxima at 282, 285, 289 mu. and a shoulder of 303-305 my which was 
again confirmed by means of a more refined technique [10] (Fig. 1). 


TABLE 1. SPECTRAL MAXIMA AND QUANTUM YIELDS (qg) OF LUMINESCENCE OF AMINO ACIDS AND PROTEINS 
AT ROOM AND LOW TEMPERATURES 


Fluorescence Phosphorescence 


Room | Low 
temperature temperature Main | Seconda- 
Sample pI(40] ; Nl 7 maxima | ry max- 
Maxima : ‘ : 
Maxima [10] | [10] in | ima [10] 
[10, 16, 21] 
in mu 


U 
(mu) a 


| 
| 
| 
| 


Phenylalanine 282,288 . 281,287 490 
297 289,302 
Tyrosine 304 2 298 — 
Tryptophan 348,353 , 320-330 y o 
460-470 
Insulin 304 0: 299 387,430 410-450 
Zein (in 60% alcohol) 304 ‘08 302 387 
Ribonuclease 304 
Ovomucoid 304 
Pepsin 8 342 
342 
332-334 “12 320,326 411,437 | 490-465 
330 334 
Human serum albumin 338-339 : 316 412,436 465 
Actomyosin (in 0-6 M KCL) 330-338 
Carboxypeptidase ' 340 
Globin of haemoglobin ; 335 
Human gamma globulin < 336 
Chymotrypsin 33 334{16] 
pH 2:0 33 332[10] 
pH 4-7 3°3 334[10] 
pH 8-6 3 339[10] 
335 


Bovine serum albumin 


HDA nr 


Egg albumin 


Urease 


thn o 


Trypsinogen 
Chymotrypsinogen S 331] 
332 


34] 


Trypsine 
Lyzosyme 
Bovine gamma globulin 342 
Fibrinogen V5 337 
Edestin (in NaCl) ‘8 338 
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Teale and Weber measured the quantum yields of fluorescence of amino acids [21] and at pH 7-0 
obtained fairly high values for tryptophan and tyrosine (0-20 and 0-21 respectively) and a value 5 times 
lower for phenylalanine (about 0-04) (see Table 1). In tyrosine and tryptophan fluorescence was found 
to be quenched in acid and alkaline media [24]. The curve of acid quenching, coincided with the ti- 
tration curve of the carboxylic group. In the alkaline region, quenching of tyrosine fluorescence (pH 
9-7) corresponds to ionization of the hydroxyl of the phenol group [25]. For tryptophan on titration 
with alkali, at first a sharp (about 3 times) rise in the quantum yield is observed (pH 10), giving way 
on further alkalinization to complete quenching of fluorescence (pH 11-0). The rising branch of the 
curve coincides with the titration curve of the amino groups and the descending branch is due to quench- 
ing of fluorescence by OH-ions [24]. There is no information on spectral changes which could be related 
to change in quantum yields of these amino acids at different pH values. 

The luminescence spectrum is sharply changed by deep freezing: the fluorescence spectra change 
and in the near ultra-violet and visible blue-violet regions new luminescence bands with long lifetimes 
appear. They apparently are connected with triplet x — * transitions and consequently, are phosphor- 
escence. The fluorescence band of tyrosine undergoes the least change on freezing [10]. At the same 
time, the fluorescence band of tryptophan shifts to the shortwave side by 20-30 mu. [10, 12]. The maximum 
of the spectrum of phenylalanine shifts in the longwave direction by 16 my [10]. The fluorescence bands 
of frozen amino acids are very close to those for these acids in the crystalline state [8, 20]. Therefore, 
an attempt was made to ascribe these shifts to increase in the “rigidity” of the medium [10]. However, 
consideration of the results of recent work by Teale on the effect of the dielectric constant of the medium 
on the position of the fluorescence maximum of glycyl-tryptophan [16] suggests another explanation of 


} 


. , 2 
(335) 
‘ 
‘© 


.~< 
| x (365) 








Fic. 2. Variation of quantum yields of fluorescence with viscosity (mixture of propane-1,2 diol 
and water) for tryptophan 1 and glycyl-tryptophan 2; relation between quantum yield of glycyl-trypto- 
phan and dielectric constant of medium (mixture of dioxan and water) 3. Numerals in brackets give 
wave lengths of maxima of fluorescence corresponding to given dielectric constant [16]. Abscissa, 
viscosity (poise) or dielectric constant; ordinates, absolute quantum yield, %. 


this phenomenon. According to Teale, a fall in the dielectric constant shifts the fluorescence maximum 
of glycyl-tryptophan to the shortwave side roughly by the same value (about 20 my) as freezing (see 
Fig. 2). It is known that the dielectric constant of both organic crystals and ice is considerably lower 
than for water and therefore, such a shift in the fluorescence spectrum of tryptophan may be due pre- 
cisely to the sharp fall in the dielectric constant of the medium. It is difficult to say how far one is justi- 
fied in extrapolating such an explanation to the shifts observed for phenylalanine. However, it cannot 
be excluded that in this case also the decisive factor is change in the dielectric properties of the medium. 

The phosphorescence bands of the aromatic amino acids appear only with sufficiently deep cooling, 
being immeasurably weak at the temperature of dry ice (—79°) and becoming commensurate in intensity 
with fluorescence at the temperature of liquid nitrogen (—196°) [6, 13]. Tryptophan has three typical 
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fluorescence maxima [6, 10, 12, 14, 26}—405, 432 and 456 mu [10, 14]. The lifetime of the excited 
state responsible for this radiation is very long (about 3 sec)[6]. Tyrosine possesses a fluorescence max- 
imum of 387 mu and shoulder at 410-420 mu [10, 14] with a lifetime depending on the pH {of the 
medium (about 3 sec in neutral and acid media and about 0-9 sec in alkaline [6]). Phosphorescence 
with comparatively short lifetime (< 0-1 sec [6]) is shown by phenylalanine. In the spectrum of this 
emission there are three sloping maxima at 424-426, 448-450 and 490-495 mu [10]. Two hypotheses 
have been advanced on the nature of this emission of aromatic amino acids. Debye and Edwards [6] 
are inclined to consider the emission is partly of a recombination chemiluminescent nature (which 
is confirmed by the long lifetime) and is only in part emission on transition of the z-electron from the 
triplet excited state to the ground state. The staff of Szent-Gy6rgyi’s laboratory, [12, 13] have shown 
that the decay curve of this emission is of an exponential character, which corresponds to emission 
from the triplet level. This view was confirmed to some extent in the work of Grossweiner [18] who 
showed by the flash photolysis method the presence of a metastable triplet level in aromatic amino 
acids and in proteins containing them. Szent-Gyérgyi’s laboratory [12, 13, 27, 28] has reported the 
presence of luminescence of tryptophan and proteins containing this amino acid in the blue and green 
regions of the spectrum on excitation in the near ultra-violet region (about 360 my) which the authors 
relate to a certain unknown electron transition in the tryptophan molecule. This work was done with 
very high concentrations of amino acid (10-?M) and protein (up to 10 per cent ) and in conditions 
very unfavourable spectroscopically (slit width of 2 mm). These circumstances, and also the absence 
of a distinct absorption band in proteins and amino acids in the 360 my region introduce an element of 
doubt in deciding whether this emission is due to tryptophan or to certain constituent parts of the pro- 
tein molecule. Therefore, we can consider as established only the presence in aromatic amino acids of 
fluorescence and phosphorescence on transition from the corresponding singlet and triplet excited states 
formed on absorption of light quanta in the shortwave ultra-violet region in conformity with the absorp- 
tion spectra of these amino acids. 


LUMINESCENCE OF PROTEINS 


Various workers have investigated more than 30 proteins [7, 8, 10-13, 16]. All of them were 
found to luminesce except two protamines (clupein and sturnine) not containing either tyrosine or 
tryptophan or phenylalanine [11] as part of the molecule. It may thus be concluded that the ultra- 
violet fluorescence of the proteins is directly connected with the aromatic groups. In addition, the 
luminescence spectra of proteins have been found to be closely dependent on the presence in the mol- 
ecule of a tryptophan residue. Therefore, it is pertinent to consider separately the luminescence prop- 
erties of proteins containing and not containing tryptophan. 

Proteins not containing tryptophan. It might have been expected that in these proteins the lumines- 
cence spectra would prove to be a simple sum of the spectra of tyrosine and phenylalanine. However, 
at room temperature the phenylalanine component has never been discovered in the spectra. Zein 
and insulin at room temperature possess a distinct fluorescence band with a maximum at 304 my [10, 
16] belonging only to the tyrosine residue. At low temperature in the longwave phosphorescent part of 
the spectrum there are two components, one of which (about 390 my) belongs to tyrosine and the other 
(about 430 my) is possibly due to phenylalanine. We compared the spectra of frozen solutions of zein 
with those of a mixture of free tyrosine and phenylalanine of equivalent composition (Fig. 3). Although 
these spectra are very similar a striking feature is that the phenylalanine component in the spectrum 
of the protein is more distinctly marked, in other words, the luminescence of phenylalanine in protein 
has a relatively higher yield than in the mixture of free amino acids. This relative change in the quantum 
yields may reflect the influence of the internal medium of the protein, most probably of its dielectric 
conditions. But it is still impossible to exclude the possibility of interaction in the protein of excited 
groups in the triplet state, in the form of energy migration from tyrosine to phenylalanine. In principle, 
the possibility of migration is confirmed by the lower energy of the excited state of phenylalanine (of 
the order of 2:5 eV) as compared with tyrosine (about 2-9 eV). 

Teale [16] measured the quantum yields of fluorescence of insulin and zein at room temperature 
and found them to be considerably lower than for free tyrosine (3-7 and 8-0 per cent respectively) which 
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he attributes to the quenching action of a number of groups in the protein molecules. A still smaller 
quantum yield of fluorescence was found for ribonuclease (1-7 per cent) which Teale ascribes to the 
presence in this protein of tyrosine—carboxylate hydrogen bonds, the formation of which, like the 
ionization of the phenol hydroxyl leads to quenching of fluorescence. 
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Fic. 3. Luminescence spectra of solutions of zein [1] and mixture of amino acids of equivalent compo- 
sition [2]. Abscissa, wave lengths, ordinates, intensity of luminescence. Below, at room temperature; 
upper, at low (—140°) temperatures ([10]). 
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Proteins containing tryptophan. The fluorescence spectra of proteins containing tryptophan differ 
from the spectra of the above-described proteins not only in the presence of a sharply marked component 
of this heterocyclic amino acid but in the complete absence of a tyrosine and phenylalanine component 
[8, 10, 12, 16]. This is particularly surprising in the case of human serum albumin which contains 
these amino acids in amounts tens of times greater than the amount of tryptophan (17-18 residues of 
tyrosine and 33 of phenylalanine per single residue of tryptophan for a molecular weight of about 
65,000). However, in the spectra of equivalent mixtures of amino acids the tyrosine component is 
distinctly marked. It is therefore understandable why many investigators first postulated the presence 
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of highly effective energy migration from tyrosine and phenylalanine to tryptophan [8, 12, 29-31]. 
This idea was buttressed both by the possibility in principle of such migration within the protein molecule 
[21, 32] where these groups are spatially drawn together and by the experimentally established energy 
migration between aromatic amino acids in mixed crystals [1, 8] and from protein to the chromophore 
in molecules of chromoproteins [33-37]. However, a number of new experimental findings make this 
hypothesis doubtful. Firstly, in the luminescence excitation spectra of tryptophan-containing proteins 
instead of the expected sensitization in the region of absorption of phenylalanine and tyrosine a scre- 
ening effect was established [9, 14, 15]. Secondly, no depolarization of the fluorescence of the pro- 
teins was detected [38, 39], which usually occurs on energy migration (the accuracy of the method made 
it possible to record depolarization corresponding to an effectiveness of migration of > 5 per cent). 
Thirdly, the quantum yield of fluorescence of the proteins substantially rose for exciting light of 
295-300 mu; in this range there is absorption for tryptophan but not for tyrosine [1, 16]. Accordin- 
gly, a different explanation was offered for the absence of a tyrosine component in the tryptophan-con- 
taining proteins based on reduction in the quantum yield or even complete quenching of fluorescence 
of tyrosine on incorporation into the protein molecule [9, 16] through change in the dielectric conditions 
of the medium and the presence in the protein of quencher groups. But apparently, in proteins both 
quenching of the tyrosine luminescence and energy migration from tyrosine to tryptophan occur. If 
we analyse more deeply the arguments against energy migration then we find that they posulate 
only an insignificant fraction of the energy of excitation which can be transferred from the tyrosine 
residue. In effect, judging by the quantum yields of insulin and ribonuclease [16], 96-98 per cent of 
the quanta absorbed by tyrosine are dissipated by tyrosine and cannot be emitted anew in the form of 
luminescence or migrate to any acceptor. Therefore, it is clear that even if all the unscattered energy 
of excitation of tyrosine migrates to tryptophan and is emitted by it, then in the excitation spectra the 
effect of screening will be inevitably present, the degree of depolarization will be inconsiderable (< 4 per 
cent) and on excitation in the spectral region where, tyrosine does not absorb, a rise in the total quan- 
tum yield of luminescence will be observed. Moreover, on the basis of experimental findings by Teale 
[16] on the quantum yields of proteins and the change in them in the region 280-300 muy it is not 
difficult to compute the minimum effectiveness of energy migration from tyrosine to tryptophan. 
It is easy to imagine that the fluorescence of tryptophan in the protein is made up of emission of part 
of the quanta absorbed by tryptophan itself and emission of these quanta which have migrated to it from 
tyrosine with an effectiveness of 7. As the value of effectiveness of energy migration in this case we take 
the ratio of the number of quanta absorbed by tyrosine which have migrated to tryptophan to the 
number of quanta which can be emitted by tyrosine itself in the absence of migration (not to the 
number of quanta absorbed by tyrosine). Then the total effective quantum yield g* on excitation 
by light of given wavelength 4 must be equal to 


Qh = fradi + fred 0 (1) 


where fa, and fa, the fractions absorbed by tryptophan and tyrosine respectively of the total absorp- 
tion of protein at a wavelength of 2; g, and g, the quantum yields for tryptophan and tyrosine in proteins. 
The values fi,, fag and ga were taken from the paper of Teale [16] and correspond to A = 280 my; 
as the value g, we took the quantum yield of fluorescence of the protein on excitation in the region 
where only tryptophan absorbs (for example, at 300 mu taken from the graphs in paper [16]); as the 
value g, we adopted the quantum yield of fluorescence of free tyrosine (~ 0-20) [21], i.e. a value obviously 
too great, judging from the fluorescence yields of proteins not containing tryptophan. For calculation 
of 7 we used the following form of equation [1]: 


q = qa F249; /f292- 


The initial data and results of our calculations are given in Table 2. The data obtained apparently 
are underrated since in deriving the formula it was assumed that the migrated quanta had been dissi- 
pated by tryptophan. However, despite this, for a number of proteins (serum and egg albumin, carbo- 
xypeptidase) considerable values of n were obtained. The calculation given shows that together with 
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change in the quantum yields of tyrosine through processes of the quenching type, there is effective 
energy migration to tryptophan. 


TABLE 2 





Protein 


Bovine serum albumin . ; : , : 0-:37+0-07 
Carboxypeptidase : ° s : . 0:36+0°11 
Egg albumin | 0 0-:24+0-11 
Human serum albumin . , , . , 0-21+.0-04 
Pepsin , , ° . . 0-:06+0-09 
Lysozyme . . , \ . 0-03+0-60 
Chymotrypsin : , ; —0-35+0-37 











Fic. 4. Luminescence spectra of solutions of human serum albumin 1 and mixture of amino acids 
of equivalent composition 2. Ordinates, intensity of luminescence. Bottom, at room, upper, at low 
(—134°) temperatures [10]. 
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On freezing of tryptophan-containing proteins the main component of the spectra is also a trypto- 
phan one (Fig. 4) [6, 7, 10, 14]. As in the case of free tryptophan there is a strong shortwave shift 
in the fluorescence band and in the region 400-500 mu a characteristic 3-toothed fluorescence spectrum 
is observed [6, 7, 10, 12-14]. However, the structure of the fluorescence spectrum is flattened and 
somewhat deformed, probably as a result of the presence of tyrosine and phenylalanine components [10]. 

Change in the luminescence spectra of amino acids on incorporation into the protein macromolecule. 
Tyrosine luminescence in protein molecules, as far as can be judged from the spectra of zein, insulin 
and ribonuclease, if we disregard the change in yield, does not differ from the luminescence of the free 
amino acid either at room [10, 16] or at low [10, 14] temperatures. Unlike tyrosine, the tryptophan 
residue is considerably more sensitive to changes in the medium. The fluorescence spectra of tryp- 
tophan-containing proteins are shifted at room temperature to the shortwave side by 10-20 mu as 
compared with the free amino acid [8, 10, 12, 16]. 

When solutions are frozen to — 140°-— 160° the difference between the position of the maxima in 
the fluorescence spectra of proteins and amino acid is somewhat lessened but still remains very consid- 
erable [10, 14]. In the phosphorescence spectra of proteins there is also a shift by 5-7 mu as compared 
with the tryptophan spectrum [10, 14] but this shift is directed to the longwave side. It is still difficult 
to explain the cause of this shift in the phosphorescence spectra but the changes in fluorescence at 
rooin temperature show good agreement with the spectral shifts established by Teale [16] on reduction 
of the dielectric of a solution of glycyl-tryptophan (Fig. 2). 

An interesting feature is that the position of the fluorescence spectra of various proteins differs 
and their maxima are located within limits of 330-242 my [10, 16]. This may reflect differences in the 
local surroundings of the tryptophan residues and particularly, in the dielectric properties and pola- 
rizability of the immediate environs of tryptophan. 

Effect of pH on fluorescence spectra of proteins. Unfortunately, there is still hardly any information 
on the effect of pH on the luminescence spectra of proteins. We only have at our disposal information 
for the fluorescence spectra of a solution of chymotrypsin at room temperature at three pH values, 
in phosphate buffer (pH 8-6 and 4-7) and in 0:01 N HCl (pH 2:0). With reduction in the pH the 
band shifts to the shortwave side [7]. These changes are apparently connected with changes in the di- 
stribution of polar groups in the environs of the tryptophan residue. These results may be interpreted, 
though very cautiously, as increased hydrophobia in acid medium (or, which is the same thing, reduction 
in the value of the dielectric constant) in the direct environs of the tryptophan residues of chymotrypsin 
owing to neutralization of certain negatively charged groups. 

Another explanation of this fact and also of the differences in the position of the fluorescence maxima 
of tryptophan residues in the molecules of different proteins may be derived from the dependence of 
the fluorescence maximum on the acid-base equilibrium of the protein macromolecule, or which is the 
same thing, on the isoelectric point of the protein (pI) (Fig. 5). The more alkaline the pI of the protein, 
the shorter the wave band of fluorescence for the same pH. Lysozyme and egg albumin are the only 
exceptions to the rule. The consequence of this conclusion must be a reduction in the wavelength of the 
fluorescence maximum of protein on measurement of the spectrum in a more acid medium, as is ob- 
served in the case of chymotrypsin. 

Effect of denaturation on the fluorescence spectra of protein. The process of denaturation varies 
a great deal both with the properties of the protein and the quality of the denaturing agent. Therefore, 
the varied character of the changes in fluorescence accompanied by denaturation of different proteins 
on heating [7, 10] or with 8 M urea [16] is not surprising (Table 3). 

Denaturation of proteins not containing tryptophan (insulin, zein, ribonuclease, ovomucoid) 
does not cause any spectral changes either on treatment with 8 M urea [16] or on heating (Vladimirov, 
Burshtein, unpublished findings). Only the quantum yield of fluorescence of insulin falls by 19 per 
cent on treatment with urea and by 35 per cent on incubation at 100° for 10 min. 

In the case of tryptophan-containing proteins as well as change in the quantum yield considerable 
spectral shifts are observed. Denaturation with urea causes a longwave shift in fluorescence [16] with 
the result that the bands for all proteins at 350 mu draw together. Quantum yields may either increase 
or decrease, probably depending on the change in the isoelectric point of the protein. In the case of 
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denaturation by heat a longwave shift is observed for all proteins except human serum albumin [10] 
(Table 3) and change in the quantum yields is expressed in a rise for the more alkaline proteins and a 
fall for more acidic proteins (Table 3). 

Unfortunately, there is still very little information on the process of denaturation for each protein 
and therefore, it is difficult to explain the observed changes in luminescence. Further development 
of the methods of luminescent investigation may yield important information on the mechanisms of 
denaturation and also allow us to study this process in vivo, which may be of particular interest in con- 
nexion with certain new views on the biological réle of processes of the reversible denaturation type 
[41, 42]. 
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Fic. 5. Relation between positicn of spectral maximum (lower) and quantum yield (upper) of fluor- 

escence of tryptophan residue in protein and the isoelectric point (pl) of protein. Measurements at 

pH 7. Anomalous points in lower graph; 1, egg albumin; 2, lysozyme. For the quantum yields a cor- 

rection has been made for the fraction of absorption of tryptophan in protein. The data for the graphs 
obtained from paper [16]. 


Fliucrescence of enzyme-substrate complex. The formation of a complex between the enzyme (protein) 
and the substrate may te acccmpanied by appreciable structural rearrangements in the enzyme macro- 
molecule, which must effect the luminescent prorerties of the tryptophan residues. This effect probably 
will be greater the more active the participation of tryptophan in the process of enzymatic catalysis 
or the more profcund the changes undergone by its direct environs. Therefore, study of fluorescence of 
enzymes during reacticns catalysed by ttem may turn out to be very useful for understanding the 
structural rearrangements and the role of particular grcurps in the process of biocatalysis. 

To ascertain such an interrelaticn tetween the functicnal and luminescent properties of the protein 
molecule we carried out an experiment with urease. Urease is a hydrolytic enzyme splitting urea to 
carbon dicxide and ammonia. This enzyme prcduces a high rate of the process it catalyses which signifies 
a ccmraratively high stable concentration of the enzyme-substrate complex. In addition, for such 
experiments it is very convenient that neither the substrate (urea) nor the products of the reaction 
possess absorpticn or luminescence in the regicn of the spectrum investigated. 

The reaction mixture was prepared in phosphate buffer pH 6-7 (optimum pH for urease in phosphate 
buffer 6:9 [43]). In the reaction mixture there are about 12,000 molecules of substrate per molecule 
enzyme. By a technique described previcusly we measured the fluorescence spectrum [10] immediately 
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after preparing the mixture and after 5 min when theoretically, the reaction had already terminated [43]. 
The spectrum of a solution of urease without urea was also measured. The fluorescence spectrum 
5 min after the start of hydrolysis completely coincided with the spectra of the pure enzyme. In the 
spectrum measured in the first 45-60 sec from the start of the reaction a distinct shoulder was seen 
at 342-344 mu which could be attributed to the enzyme-substrate complex. On the basis of these initial 
findings it is still early to give any distinct and unambiguous interpretation of such effects. But while 
the results may not indicate direct participation of the tryptophan residues of urease in the process 
of catalysis, they do indicate substantial changes in its environs on formation of the enzyme-substrate 


complex 


TABLE 3. CHANGES IN POSITION OF SPECTRAL MAXIMA AND QUANTUM YIELDS OF FLUORESCENCE OF 
PROTEINS ON DENATURATION BY HEATING (10 MIN AT 100°) oR BY 8M UREA 


Heating [10] 8M urea [10] 


Shift in | Relative quantum | Shift in | Relative quantum 
maximum, yield as percentage ;maximum,} yield as percentage 
my. of native yield my of native 


Protein p1[40] 


Insulin 0:0 65:5 0:0 81 
Ribonuclease 0-0 100 0-0 100 
Ovomucoid 0-0 100 
Pepsin . t 80 
Bovine serum albumin 5 + 49 
Egg albumin 
Human serum albumin ° : 70 
Actomyosin 
Carboxypeptidase 74 
Globin of haemoglobin 
Human gamma globulin 
Chymotrypsin in water (pH7) 

pH 2:0 

pH 4-7 

pH 8-6 
Irypsinogen 
Chymotrypsinogen 
Trypsin 
Lysozyme 
Bovine gamma globulin 
Fibrinogen 


Edestin 


SUMMARY 


To sum up it may be taken that the available information on luminescence of proteins and amino 
acids now makes it possible to study biological processes by means of Iuminescent methods. Besides 
physico-chemical investigations directed at the further development and elaboration of the details of 
the theory of luminescence of proteins, we see the following as the most promising lines of research. 
First, study of changes in the physico-chemical states of the protein molecule accompanying and causing 
such biological processes as enzymatic catalysis, the effect of antibodies and protein hormones, structur- 
al rearrangement on muscular contraction, excitation of nerves and other excitable biological forma- 
tions. Secondly, we see as a very important and promissing line of inquiry the study of the mechanisms 
of formation and the investigation of the réle of high-energy electron excited states, corresponding 
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to a photon of the visible or ultra-violet regions, which possibly are not confined to the phenomena 
of bioluminescence of different organisms, the so-called mitogenetic radiation of Gurvich and the 
different types of chemiluminescence accompanying biological processes widely encountered in living 
organisms [44]. 

In conclusion, the author wishes to express his deep gratitude to Professor A.A. Krasnovskii and 
Candidate of Biological Sciences Yu. A. Vladimirov for consultations and guidance in carrying out 
a number of the experiments. 
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